


waIWER.. 
Se ea 
PCC MINOLOGY 





Prepared for DIVISION of TECHNICAL INFORMATION, 
U. S. ATOMIC ENERGY COMMISSION, by GENERAL NUCLEAR ENGINEERING CORP. 


1967 


@ VOLUME 


@ NUMBER 








TECHNICAL PROGRESS REVIEWS 


To meet the needs of industry for concise summaries of current atomic devel- 
opments, the Atomic Energy Commission is publishing this series, Technical 
Progress Reviews. Issued quarterly, each of the reviews digests and evaluates 
the latest findings in a specific area of nuclear technology and science. 


The four journals published in this series are: 

Nuclear Safety, W. B. Cottrell and associates, Oak Ridge National Laboratory 

Power Reactor Technology, Walter H. Zinn and associates, General Nuclear 
Engineering Corporation 


Reactor Core Materials (covering solid material developments), R. W. Dayton, 
E. M. Simons, and associates, Battelle Memorial Institute 


Reactor Fuel Processing, Stephen Lawroskiand associates, Chemical Engineer- 
ing Division, Argonne National Laboratory 


Each journal may be purchased ($2.00 per year for subscription and individual 
issues $0.55) from the Superintendent of Documents, U. 8S. Government Printing 
Office, Washington 25, D. C. See back cover for remittance instructions and 
foreign postage requirements. 





The views expressed inthis publication do not necessarily represent those of 
the United States Atomic Energy Commission, its divisions or offices, or of 
any Commission advisory committee or contractor. 








Availability of Reports Cited in This Review 


Unclassified AEC reports are available for inspection at AEC depository li- 
braries and are sold by the Office of Technical Services, Department of Com- 
merce, Washington 25, D. C. Some of the reports cited are not available owing 
to their preliminary nature; however, the information contained in them will 
eventually be made available in formal progress or topical reports. 


Unclassified reports issued by other Government agencies or private organiza- 
tions should be requested from the originator. 


Unclassified British and Canadian reports may be inspected at AEC depository 
libraries. British reports are sold by the British Information Service, 45 
Rockefeller Plaza, New York, N. Y.; Canadian reports (AECL series) are sold 
by the Scientific Document Distribution Office, Atomic Energy of Canada, Ltd., 
Chalk River, Ontario, Canada. 


Classified U. S. and foreign reports identified in this journal as Classified may 
be purchased by properly cleared Access Permit Holders from the Division of 
Technical Information Extension, U. S. Atomic Energy Commission, P. O. Box 
1001, Oak Ridge, Tenn. Such reports may be inspected at classified AEC de- 
pository libraries. 








POWER 


REACTOR 
TECHNOLOGY 





A REVIEW OF RECENT DEVELOPMENTS 





* 


Sl OEE 





eet ant eat 8 ise KE Baaadnthbeadiameite 


Prepared for DIVISION of TECHNICAL INFORMATION, 
U. S$. ATOMIC ENERGY COMMISSION, 
by GENERAL NUCLEAR ENGINEERING CORP. 


@ DEC. 1961 


@ VOLUME 5 





@ NUMBER 1 








foreword 





This quarterly review of reactor development has been prepared at the request of the 
Division of Technical Information of the U. S. Atomic Energy Commission, Its purpose is 
to assist interested organizations in the task of keeping abreast of new results in reactor 
technology for civilian application. 

Power Reaclor Technology contains reviews of selected recently published reports that 
are judged noteworthy, in the fields of power-reactor research and development, power- 
reactor applications, design practice, and operating experience. It is not meant to be a 
comprehensive abstract of all material published during the quarter, nor is it meant to be 
a treatise on any part of the subject. However, related articles are often treated together 
to yield reviews having some breadth of scope, and from time to time background mate- 
rial is added to place recent developments in perspective. 

The intention is to cover the various areas of reactor development from the general 
viewpoint of the reactor designer rather than from the more detailed points of view of 
Specialists in the individual areas. To whatever extent the coverage of Power Reactor 
Technology may occasionally overlap the fields of the other Technical Progress Reviews, 
the overlaps will be motivated by this objective of viewing current progress through the 
eyes of the reactor designer. 

A degree of critical appraisal and some‘interpretation of results are often necessary 
to define the significance of reported work. Any such appraisals or interpretations repre- 
sent only the opinions of the reviewers and the editor of Power Reactor Technology, who 
are General Nuclear Engineering Corporation personnel. Readers are urged to consult 
the original references in order to obtain all the background of the work reported and to 
obtain the interpretation of the results given by the original authors. 


W. H. Zinn, President 
J. R. Dietrich, Vice President and Editor 
General Nuclear Engineering Corporation 


Issued quarterly by the U. S. Atomic Energy Commission. Use of funds for printing this 
publication approved by the Director of the Bureau of the Budget on November 1, 1960. 
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Fuel Burnup Analysis 
in PWR Core 1 


At the time the Pressurized-Water Reactor 
(PWR) core 1 was refueled (5800 full-power 
hours), several of the natural-uranium blanket 
fuel elements were removed for analysis.‘ Iso- 
topic analyses of these elements were made 
to provide experimental physics data on the 
-ffect of burnup for comparison with various 
methods of calculating fuel depletion. Of the 
10 fuel rods subjected to destructive analysis, 
only one resulted in data which, by materials 
balance, showed good agreement with the initial 
manufacturing data. In one case, aS much as 
83 per cent of the material initially loaded was 
apparently not recovered. Eight additional fuel 
elements are presently being analyzed in an 
attempt to remove the discrepancies. Despite 
the disagreement in materials balance for rods 
2 through 10, the measured relative isotopic 
abundances are probably significant. 

Theoretical predictions of rod compositions 
were obtained with two- and three-dimensional, 
two-group depletion codes by using MUFT and 
SOFOCATE to calculate the appropriate cross 
sections. To account for changes with burnup, 
the cross sections used were averages of sev- 
eral sets calculated for the different material 
compositions at various stages of core depletion. 
Resonance self-shielding factors for U?** were 
obtained with the prescriptions of Stein.” The 
experimental and calculated values of com- 
position for rod 1 are shown in Table I-1. 

The results of the comparison, as shown in 
Table I-i, indicate that the calculation scheme 
used for depletion studies is in reasonable 
agreement with experimental values. Similar 
agreement, in regard to the relative isotopic 
abundances only, was obtained for the other 
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Table I-1 COMPARISON! OF CALCULATED AND 
EXPERIMENTAL COMPOSITIONS OF DEPLETED 
FUEL ROD NO. 1 FROM PWR BLANKET 





Calculated, g Experimental, g 





Total U 133.69 133.67 + 0.12 
p35 0.4142 0.4089 

p36 0.0923 0.0892 

yu 133.186 133.165 
Total Pu 0.619 0.617 + 0.012 
Pu238 0.3978 0.4301 

Pu24? 0.1484 0.1370 

Pu24t 0.0574 0.0412 

Py242 0.0144 0.0087 
Burnup, Mwd/ton 6397 6350 
Conversion ratio* 1.058 1.063 





*Defined as total Pu formed divided by total U5 and Pu 
fissioned (in the rod), with 8 per cent empirical correction 


for U?%8 fissions. 


nine rods, although the discrepancy in materials 
balance casts doubt upon the validity of the 
experimental composition. 


Thorium Fuel Cycles 


A recent British Shipbuilding Research As- 
sociation report? presents a survey of fuel- 
cycle costs for small graphite reactors that use 
thorium as the fertile material and U**’, U?**, or 
plutonium as the initial fissionable material. 
The latter fuel cycle utilizes “commercial” 
plutonium containing 16 per cent Pu!” and 4 
per cent Pu’‘!, Within the limits of the as- 
sumptions for the study, the results indicate 
that the plutonium-thorium cycle affords the 
greatest promise of low fuel-cycle costs. For 
a marine installation the resulting minimum 
fuel cost for the plutonium-thorium cycle was 
approximately one-third that of an oil-fired 
conventional tanker. The analysis was based 
upon economic factors chosen as applicable 
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in England, and the results do not necessarily 
apply in the economic environment of the United 
States. The price of plutonium (commercial 
grade) was estimated at one-half that of U?*, 
whereas U*3 was valued at 1.0 and at 1.5 times 
that of U5, Further, the fuel fabrication cost 
was assumed to be the same for plutonium and 
uranium fuels: no cost ailowance was made for 
the greater complexity of handling the alpha- 
active plutonium. 
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Table I-2 CHARACTERISTICS FOR THORIUM 
FUEL-CYCLE CALCULATIONS? 





Fuel-Cycle Characteristics 


u%3_Th =U5-Th «= Pu-Th 

Moderator ratio* (S) 750 2000 6000 
Thorium ratio* (N) 10 8 7 
S/N 75 250 857 
Initial R,¢;: 

Without Xe and Sm 1.108 1.076 1.011 

With Xe and Sm 1.112 1.098 1.035 
Lifetime, Mwd/kg of fissile 

material initially present 900 860 975 


Core Characteristics 


Core diameter, ft 6 
Core height, ft 6 
Reflector thickness, cm 60 
Core voidage, % 15.255 
Side-reflector voidage, % 5 
End-reflector voidage, % 20 
Graphite density, g/em® 1.85 
Moderator temperature, °K 1000 
Fuel temperature, °K 1000 
Heat output, Mw 60 
Power density, kw/liter 12.5 





*Atom ratios. 


Aside from the economics of the three fuel 
cycles, the results of the fuel burnup calculations 
are of interest in themselves. It is well known 
that the thorium cycle may have potential ad- 
vantages resulting from the greater neutron 
yield (n value) of the U3 produced from the 
thorium. Reference 3 presents a number of 
curves for each of the three fuel cycles at 
various combinations of moderator-to-fuel and 
thorium-to-fuel ratios. Sample curves shown in 
Fig. I-1 illustrate the general trend in re- 
activity variation of the three fuel cycles. 

The core characteristics which yielded the 
sample curves are shown in Table I-2. It should 
be emphasized that the curves reproduced were 
selected only to illustrate typical reactivity 
variations; the core characteristics differ con- 
siderably in moderator-to-fuel and thorium-to- 
fuel ratios, although the reactivity lifetimes 
would be nearly the same if the indicated initial 
excess reactivities were provided. 

The “flatter” characteristics of the reactivity 
curve for the plutonium-thorium cycle result 
primarily from the following factors: 

1. Pu’*® parasitic absorption is reduced with. 
burnup to produce fissionable Pu’! (n = ~2.22). 
The effect of Pu‘? absorption is strongly de- 
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pendent upon spectral and self-shielding effects 
of the strong 1.056-ev resonance peak. 

2. Pu®® (n = ~1.8) is burned to produce U8 
() = ~2.21). 


Of these two factors, the burnup of Pu”*° is 
more important. Figure I-2 shows the variation 
in isotopic concentrations for the plutonium- 
thorium reactivity curve. Despite the large 
decrease in fissionable Pu?*® throughout life- 
time, the burnup of the highly absorbing Pu**° 
and the increase in Pu?‘! and U*3 apparently 
maintain reactivity at a nearly constant value 
until virtually the end of reactivity lifetime. 
These characteristics may provide burnup char- 
acteristics that would be quite desirable from 
the control standpoint. 

In any reactor containing large amounts of 
plutonium fuel, there is a definite possibility 
that the low-energy resonance absorption peaks 
may lead to a positive temperature coefficient 


of reactivity. In the reference study the authors 
report that the temperature coefficient of re- 
activity for the plutonium-thorium fuel cycle 
is negative, although it becomes progressively 
less negative during lifetime. 
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Critical and Exponential 
Experiments 


Experiments! were performed in the Physical 
Constants Testing Reactor (PCTR) at Hanford 
Atomic Products Operation to determine the 
lattice parameters for a natural-uranium 
concentric-tube fuel element. Measurements 
of infinite multiplication factor (k..), thermal 
utilization factor (/), resonance escape proba- 
bility (p), and fast-fission factor (€) were made, 
and these values were then used in the four- 
factor formula to infer a value of 7. These 
measurements were made in a 10'/-in. graphite 
lattice which used both water and air in the 
coolant channels. A second lattice spacing (8°, 
in.) was used, with water as the coolant, to 
obtain values of k, and f. The fuel element 
was made up of two concentric annuli: (1) an 
outer tube that had an inside diameter of 2.00 
in, and an outside diameter of 2.50 in. and (2) 
an inner tube that had an inside diameter of 1.12 
in. and an outside diameter of 1.66 in. The fuel 
was clad in aluminum, and the assembly was 
surrounded by an aluminum process tube (inside 
diameter, 3.024 in.; outside diameter, 3.152 in.). 
Nine such assemblies were used in the center 
of the PCTR. Flux-adjusting devices were used 
to provide a neutron spectrum, incident on the 
central assembly, which was considered to be 
characteristic of the spectrum that would result 
from an infinite array of such assemblies. 


Reference 2 presents an intercomparison of 
four empirical methods (rod bump-period, rod 
oscillator, rod drop, and pulsed neutron) com- 
monly used to determine control-rod reactivity 
worths. The experiments were performed atthe 
Vallecitos Atomic Laboratory in a UO,-fueled 
(1.3 per cent U**> enriched), aluminum-clad, 
light-water-moderated assembly. The cadmium 
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control rod (reactivity worth approximately 2 
dollars), or rods, was located either centrally 
or symmetrically in the assemblies (which were 
in the form of rectangular parallelepipeds). The 
measurements indicated that the determination 
of the reactivity worth by the rod-oscillator 
technique was subject to a dependence on de- 
tector position. The nature of this detector- 
position dependence was described by an analytic 
argument using a one-energy-group treatment. 
The final implication of this argument was that 
the rod-drop and rod-oscillator methods (tech- 
niques in which a signalfromalocalstep change 
in the flux is measured) have an inherent de- 
pendence on detector location. A different set 
of experiments, performed at Lawrence Radia- 
tion Laboratory, is reported® to have given good 
agreement between the pulsed-neutron method 
and the rod-drop technique for reactivity worths 
up to 3 dollars and 38 cents. Itis to be expected 
that the degree of consistency of the two methods 
would vary with the nature of the assembly. 


The September 1960 issue of Power Reactor 
Technology, Vol. 4, No. 4, contained a review 
of a number of critical experiments performed 
at the Westinghouse Reactor Evaluation Center. 
These experiments were a part of the Multi- 
region Reactor Lattice Studies Program, an 
experimental and analytical study whose purpose 
is to provide sufficient empirical data to verify 
analytical methods used in the nuclear design 
of multiregion (nonuniform fuel-enrichment dis- 
tribution), UO,, light-water reactors. Progress 
reports are issued quarterly. 


The critical-experiment portion of the study 
is divided into four phases. The first phase is 
concerned with an experimental determination 
of basic multiplying characteristics, such as 
critical size, reflector savings, and migration 
area, for two different moderating ratios. A 
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comparison of these empirical data with similar 
data determined analytically is to be made. 

The second phase of the experiments involves 
measurements of local power-peaking factors 
in the light-water-moderated, UO,-fueled lat- 
tices. These measurements are then to be 
correlated with the results of flux-perturbation 
calculations. 

The third and longest phase of the program 
is concerned with measurements, by the use of 
two different moderating ratios, of the radial 
flux and power distributions in multiregion (both 
two- and three-region) cores. 

The fourth and final phase consists of further 
experiments to measure the ratio of resonance 
capture in U?*® to thermal capture in U?*® (p?8) 
and the ratio of resonance fission in U?** to 
thermal fission in U**> @*5), These measure- 
ments are intended to help explain, and to some 
degree lessen, the present deviation between 
empirical and analytic values of these two 
parameters. 

Reference 4, the most recent quarterly re- 
port, contains data from criticality measure- 
ments, flux-distribution measurements, and 
macroscopic parameter measurements made in 
the light-water, UO, critical assembly. The 
criticality measurements were obtained from 
various two- and three-region cores (enrich- 
ments of 1.6, 2.7, and 3.7 per cent U**). Fuel 
loading, critical water height, banked rod po- 
sitions, and peripheral fuel-rod worths were 
determined. The flux distributions were meas- 
ured in two- and three-region cylindrical and 
rectangular assemblies with a 4.4:1 ratio of 
water volume to equivalent metallic uranium 
volume and a lattice pitch of 0.493 in. Values 
of the microscopic parameter (p28) were in- 
ferred from experimental measurements of the 
cadmium ratio for radiative capture in U?*®, 

As part of the continuing effort onthe Spectral 
Shift Control Reactor (SSCR) Basic Physics 
Program, a number of critical and exponential 
experiments® were performed with UO, — light 
water and UO,-—light water—heavy water as- 
semblies, using UO, of 4 per cent enrichment 
in stainless-steel tubes of 0.475-in. diameter. 
The critical experiments were conducted in a 
square lattice assembly (metal-to-moderator 
ratio* of 1) of 0.595-in. pitch. For the mixed- 





*This evidently refers to the ratio of fuel-rod vol- 
ume (i.e., UO, plus steel jacket) to moderator volume. 


moderator experiments, the H,O-D,O mixture 
contained 76.7 mole % D,O. Measurements of 
the following quantities are given: critical buck- 
ling, thermal disadvantage factor, cadmium ratio 
of U**5, neutron spectrum, and reactivity and 
flux changes due to small perturbations caused 
by changes in the standard core-loading pattern. 
Also reported are measurements of the reso- 
nance absorptions in U?** as obtained by both 
coincidence and chemical-separation methods. 


The exponential experiments were made to 
determine radial and axial flux distributions, 
at temperatures ranging from 66 to 406°F, in 
a square array of 4 per cent enriched UO, fuel 
rods with a lattice pitch of 0.595 in. and with 
a metal-to-water ratio* of 1. Also reported are 
neutron age measurements obtained in ThO, 
lattices containing 0 and 90 mole % D,O. These 
age experiments were conducted with the ThO, 
rods arranged both parallel and perpendicular 
to the incident neutron beam. No significant 
difference was found between the parallel and 
perpendicular arrangements. Preliminary age 
values are given in the reference. 


In order to study the reactor concept and to 
better define parameters used in the design of 
the Hallam Nuclear Power Facility (HNPF), a 
series of critical experiments® was performed 
at the Sodium Graphite Reactor Critical Facility. 
The typical fuel element used in the experiments 
consisted of a 4,74-in.-diameter aluminum cyl- 
inder (to simulate the sodium coolant used in 
the HNPF), which contained 18 fuel-slug columns 
formed in two concentric circles about a center 
hole that was left empty. The fuel columns were 
composed of bare pins (0.592 in. in diameter) of 
uranium metal, enriched to 3.448 at.% vU’*, 
alloyed with 10 wt.% molybdenum. An assembly 
pitch of 9.228 in., within the graphite moderator, 
was used in both the hexagonal “open” lattices 
(five fuel locations plus one void location per 
hexagonal cell) and the hexagonal “full” lattice 
(fuel at all six locations of the cell). In certain 
experiments, stainless-steel tubes (1.9 in. in 
outside diameter; 0.065 in. in wall thickness) 
were used as a poison to simulate the stainless 
steel that will be used as moderator canning 
material in the actual HNPF. 


Measurements of the following parameters 
were made: (1) critical mass; (2) reactivity 
worth “relative to void” of peripheral and central 
fuel elements in open, open-poisoned, full, and 
full-poisoned lattices; (3) reactivity worth of 
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graphite plugs in the unoccupied position of an 
open lattice; and (4) control-rod reactivity 
worths of HNPF type control rods. Measure- 
ments of the gross axial and radial thermal-flux 
distributions, as well as perturbed-flux distri- 
butions in the immediate area of partially in- 
serted control columns, were also made, These 
results are compared with the values obtained 
by the calculational methods in current use. 

A series of prepower reactor-physics experi- 
ments performed between August and October 
1958 in the Argonne Low- Power Reactor (ALPR, 
later designated the SL-1) has recently been 
reported.’ The ALPR was anatural-circulation, 
boiling-water reactor fueled with a uranium 
alloy of 93 wt.% U**®, The experiments were 
performed to determine (1) the excess re- 
activity available in the anticipated fuel-loading 
plan; (2) control-rod reactivity holddown for 
various core configurations; and (3) the amount 
of burnable poison (B'®) necessary to control 
excess reactivity. 


Evaluation of Criticality Hazards 


The Handbook of Nuclear Safety® presents 
selected empirical data and analytic methods 
that may be used to determine nuclear-safety 
requirements for operations involving fissiona- 
ble materials outside nuclear reactors. The 
Handbook begins with a chapter containing (1) 
a fundamental discussion of the theory of criti- 
cality, (2) a theoretical means by which the range 
of empirical results may be extended, and (3) 
a brief discussion of the margins of safety 
used in subsequent chapters. 

The second chapter gives critical and safe 
conditions of geometry and concentration for 
unmoderated fissionable metal systems, either 
pure or alloyed. Since the majority of the 
available empirical data are for U’**, most of 
the systems considered in this chapter are 
composed of this material. The case of het- 
erogeneous moderated systems is treated inthe 
third chapter. Included is a theoretical discus- 
sion of the effect of moderation in general, as 
well as the specific effect on criticality in fully 
and slightly enriched systems of U**>, The fourth 
chapter is much the same as the third chapter 
except that homogeneous rather than hetero- 
geneous systems are discussed, and specific 
consideration is given to plutonium systems. 

The concluding chapter contains a discussion 
of a method of analyzing possible interactions 


between individually subcritical assemblies that 
might lead to over-all system criticality. In- 
teractions in air are discussed in some detail, 
whereas only a brief discussion of potential 
interactions in water is presented. 

Reference 9 presents a theoretical exposition 
of the analytic methods available for determining 
critical sizes of isolated units of fissionable 
material. The procedures discussed include 
diffusion theory, variational methods, first- 
order perturbation theory, spherical harmonics 
method, S, method, anisotropic S, method, Monte 
Carlo method, and geometrical methods. The 
mathematics used to describe the various pro- 
cedures is rigorously presented, and abundant 
references are cited throughout the text. 

The spacings necessary to prevent critical 
interactions between subcritical U’*> assemblies 
have been calculated by an extension of the 
solid-angle method'® for various assembly 
shapes, environments, and compositions. Cal- 
culations were performed for large arrays of 
cylinders, for systems of units surrounded by 
water, and for metal systems. The calculations 
were shown to give good agreement when com- 
pared with a wide range of experimental meas- 
urements. 


Measured and Calculated Values 
of the Neutron Age 


A measurement of the Fermi age to indium 
resonance for fission neutrons in beryllium 
oxide has been reported.'! The neutron intensity, 
as a function of distance from a fission-neutron 
plane source, was measured by use of cadmium- 
covered indium foils along the axis of a rec- 
tangular beryllium oxide (BeO) stack. The BeO 
stack was 72 in. long, with 18- by 18-in. end 
faces and a density of 2.80 g/cm*. A linear 
accelerator (Linac) was used to produce fast 
neutrons by means of the (y,z) and (y,f) re- 
actions in a uranium target that was buried ina 
graphite thermal column. The fast neutrons 
thus produced were moderated in the graphite 
stack to produce a plane wave source ofthermal 
neutrons at the interface between the graphite 
and the BeO stack. A fission plate that con- 
sisted of 0.084-in.-thick unclad U***-aluminum 
(37 wt.% U?**) alloy foils, and located inthe BeO 
1 ft from the interface, was used to convert the 
thermalized neutrons to a fission spectrum. 
Lead and paraffin shields were used, where 


REACTOR PHYSICS 


necessary, to protect the BeO from brems- 
strahlung radiation due to the accelerator beam. 
Auxiliary measurements verified that the ther- 
mal neutrons were in a fundamental cosine 
mode before impinging on the fission plate, 
that the neutron flux in the lateral dimensions 
of the BeO column was symmetrical, that there 
were no Significant foil-interaction effects, and 
that interactions of any primary fast neutrons 
with the fission plate were negligible. Meas- 
urements of the slowing-down density of suf- 
ficient statistical accuracy for use in analysis 
were obtained over a three-decade range in 
the axial direction. Measurements were cor- 
rected for the (7,7) reaction in beryllium and 
for resonance flux depression near the fission 
plate. 


Analysis of the measurements by the ana- 
lytical technique of Rose and Weinberg yielded 
an experimental result of 93.4 cm? + 4per cent. 
According to reference 11, the only other direct 
experimental determination of the neutron age 
in BeO is a quoted value of 85+ 7 cm? to indium 
resonance in the unpublished work of C. Gourdon 
et al. The density of the BeO inthis unpublished 
work was not known, although indications are 
that it probably was 2.95 g/cm’. If this were 
the density, then the age corrected to a density 
of 2.80 g/cm*® would be 94.4 cm’, in good 
agreement with the new measurement. 


Theoretical calculations of the neutron age 
in BeO and in beryllium are also reported in 
reference 11. The calculations were made by 
a multigroup P, approximation to the Boltzmann 
equation, and results were given of 91.5 cm’ for 
BeO (9 = 2.80 g/cm’) and 73.7 cm? for beryllium 
(9 =1.85 g/cm’). Calculations by means of 
continuous-slowing-down age-diffusion theory 
gave values of 100.4 cm? for BeO and 85.4 cm? 
for beryllium. Although the P, result for BeO 
is slightly lower than the reported measured 
value, it is within the quoted experimental 
accuracy. 


The results of neutron-age calculations for 
various materials are reported in reference 12. 
The ages were calculated by the use of two 
computer codes for the ORACLE; the main 
features of the two codes are described in 


moderate detail. One, called Chronos, is a 
Monte Carlo code that calculates the slowing- 
down age (7, ); the other, Corn Pone, calculates 
the flux age (74) by a multigroup-modified con- 
sistent P, method. 


In order to convert the results of the Chronos 
calculations to the more generally used flux 
age, a relation between Tg and Tg is derived, ” 
based on the Greuling-Goertzel treatment of 
the slowing-down and diffusion of neutrons. 
The expression used, which involves the ap- 
proximation that the elastic scattering is iso- 
tropic in the center-of-mass system at the 
detector energy, is 


To —-T, Weeds ieieeks: _ a(n a)? 
o" 3 S820 2 —(1—a) 


where a =[(A — 1)/(A + 1)]’, and all other quan- 
tities have their usual meanings. 

Sixteen tables and 13 graphs reported in 
reference 12 are (1) the neutron ages to 1.44 
ev of both fissicn and monoenergetic (18-Mev 
to 1.53-ev) sources in H,O, D,O, oxygen, hy- 
drogen, beryllium, BeO, carbon, oil, and di- 
phenyl; (2) the neutron ages to 1.44 evof fission 
neutrons in various D,O-H,O mixtures; (3) the 
neutron ages of 2-Mev neutrons to various cutoff 
(terminal) energies in H,O; and (4) the neutron 
ages to 1.44 ev in H,O for neutrons from a fully 
enriched U2** source of varying source thick- 
nesses. The H,O and D,O calculations also in- 
vestigated the effects on the age of isotropic 
versus anisotropic scattering in oxygen and 
deuterium. 

Of special interest is the neutron age of fis- 
sion neutrons in H,O. The calculations,” based 
on anisotropic scattering by oxygen, led to a 
slowing-down age (fission to 1.44 ev) of 25.53 + 
0.3 cm?; this is equivalent to a age of 26.0 + 0.3 
cm’, The assumption of isotropic scattering in 
oxygen reduces the calculated slowing-down age 
to 24.57 + 0.3 cm’. Values for the neutronage of 
fission neutrons in H,O and the discrepancy be- 
tween theoretical calculations and experimental 
measurements have been reviewed and discussed 
in previous issues of Power Reactor Tech- 
nology, Vol. 2, No. 2, pages 7to 10; Vol. 2, No. 4, 
pages 30 to 33; and Vol. 4, No. 1, pages 20 and 
21. The flux age value of 26.0 + 0.3 cm’ is, as 
are most calculated values, smaller than typical 
measured values, although the gap between 
theory and experiments seems to be narrowing. 

Age measurements of fission neutrons to in- 
dium resonance in mixtures of light and heavy 
water have also been reviewed in the February 
1958 issue of Power Reactor Technology, Vol. 1, 
No. 2, pages 4 and 5. The previously reported 
measured age values range from 109+ 3 cm? 
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for 99.8 per cent D,O to 78 + 3 cm’ for 91.8 per 
cent D,O. The calculated slowing-down ages 
reported in reference 12 over the same range 
are 108.5 + 2 cm’ to 77.58 + 2cm’, respectively. 
The calculations reported in reference 12 in- 
dicate that a small admixture of H,O in D,O 
lowers the age in the solution at a rate of about 
4.5 per cent for each 1 per cent of H,O in the 
solution. The calculated slowing-down age of 
fission neutrons to 1.44 ev in D,O is 111.5 + 1.2 
cm’, when isotropic scattering by deuterium is 
assumed. The difference between isotropic and 
anisotropic scattering by deuterium does not 
appear to appreciably affect the age of fission 
neutrons in D,O. Other slowing-down ages from 
fission energy to 1.44 ev are summarized in 
Table II-1. 


Table Il-1 CALCULATED SLOWING-DOWN AGE” FROM 
A FISSION SOURCE TO 1.44 ev 
{Calculations Assume Anisotropic Scattering (in the 
Center-of-Mass System) in Oxygen and Carbon, Isotropic 
Scattering in All Other Material.] 








Density, Age, 
Slowing-down medium molecules/cm? em? 
Beryllium 12.227 x 107? 67.74 + 0.7 
BeO 7.26976 x 107? 75.50 + 1.34 
Carbon 8.0237 x 107 302.62 + 3.0 
Oil * 23.44 + 0.25 
Dipheny] | 46.39 + 0.5 





*Oil composition: carbon, 3.841 x 1022 atoms/cm? 
hydrogen, 6.743 x 107 atoms/cm? 
oxygen, 0.1659 x 107" atoms/cm? 

+Diphenyl composition: carbon, 4.606 x 107 atoms/cm 

hydrogen, 3.839 x 1072 atoms/cm? 


Measurements and calculations of the neutron 
age to indium resonance from a D-D source in 
heavy and light water are reportedin references 
13 and 14. The work seeks to show that the 
slowing-down process in water is understood to 
within the accuracy of the measurements for 
neutrons of the specific energies involved. In 
reference 13 an experimental measurement of 
the age to indium resonance in 99.8 per cent 
pure heavy water for neutrons from a D(d,)He® 
source is reported. In general, the experimental 
procedures and analyses have followed those of 
earlier work performed for light water.'® A 
deuterated polyethylene target was bombarded 
with a focused 250-kev deuteron beam from the 
magnetic analyzer of a 2-Mev Van de Graaff 
accelerator. This source emits neutrons aniso- 
tropically with energies from 3.12 Mev at 0° 


to 2.00 Mev at 180°. The target was located in a 
tank that contained 1000 liters of heavy water 
and was at least 11 in. from the air-D,O 
boundary. Cadmium-covered indium foils were 
used to measure the flux in the heavy water at 
distances up to 60 cm from the target and at 
three angles (39.2, 90, and 140.8°) with respect 
to the incident deuteron beam. The age to indium 
resonance, corrected for foil activation by higher 
energy neutrons, was found to be 121.14 1.5 
em?, However, reference 14 indicates that a 
correction for the effect of the duct leading the 
deuteron beam to the target will reduce the 
value to 119.1 + 1.5 cm’, 


Theoretical calculations by use of the Monte 
Carlo method (programmed for the IBM 704) 
are reported in reference 14, These claculations 
have attempted to simulate the work reported 
in reference 13, as wellas earlier experiments!® 
for light water, and have explored the effects 
of the anisotropy and spectral distribution of 
the source, the effect of the duct leading the 
deuteron beam to the target, and the effect of 
averaging spatial flux distributions measured 
in various directions from the source to obtain 
an average age. The calculated age to indium 
resonance in H,O for a D(d,n)He*® source is 
34.7 + 0.6 cm’, whereas the experimental value’® 
is 36.7 + 2.1 cm’; the corresponding calculated 
age in D,O is 119.64 2.3 cm’, whereas the 
experimental value’ is 121.1 + 1.5 cm’. Refer- 
ence 13 also compares the experimental results 
with several other independent theoretical cal- 
culations. It would appear that there is no 
serious discrepancy between theory and ex- 
periment for the age of 2- to 3-Mev neutrons to 
indium resonance in heavy and light water. 


Reference 16 reports various calculations of 
the neutron age to indium resonance in D,O and 
D,O-H,O mixtures from various point isotropic 
sources. The calculations have been made by 
the moments method. It is of interest to com- 
pare the results with the work reported in 
references 13 and 14. The calculated age for a 
200-kev D-D source in 99.8 per cent pure 
heavy water is 118.6 +1.2 cm’, whereas the 
experimental value reported in reference 13 
(corrected for the duct effect) is 119.14 1.5 
cm’, However, it is noted in reference 16 that 
such close agreement is “undoubtedly fortui- 
tous.” Calculations reported in reference 16 
show that the rate of change of the neutron age 
for small admixtures of H,O to D,O is —4.5 per 
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cent per 1 per cent H,O, in agreement with the 
results of reference 12 as quoted above. 
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Conduction and Radiation 


A survey has been published of theoretical 
methods and equations for calculating the con- 
ductivity of aggregates of many types.’ The 
following questions are considered: 


1. How does conductivity vary with proportions of 
phases when one phase is continuous and the other 
discontinuous ? 

2. How does conductivity vary when both phases 
are considered more or less continuous? 

3. What is the influence of particle size, shape, 
and orientation on conductivity ? 

4. What is the influence of coatings on the par- 
ticles ? 


Three different types of dispersions of spheri- 
cal particles are treated in the survey. The 
first type is termed a “dilute dispersion’’ in 
that any one particle is completely surrounded 
by the second phase and that perturbations 
caused by one particle do not extend to another. 
The second type, termed the “variable-disper- 
sion’’ mixture, is similar to the first; however, 
the dilute nature of this dispersion is not as- 
sumed, and field interactions are allowed. In 
the third type of dispersion, any particle may 
be in contact with another particle of the same 
or another phase. The following nonspherical 
particles are treated: 

1. Cylinders, one- and two-directional orien- 
tation 

2. Platelets, one- and two-directional orien- 
tation 

3. Cylinders, random orientation 

4, Laminae, random orientation 

5. Ellipsoids, prolate and oblate 


A transient heat-conduction problem is treated 
in reference 2. A general method for one- 
dimensional unsteady heat flow is presented and 
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is illustrated by an application to a fuel pin 
subject to step changes in power and coolant 
temperature. Reference 3 is a presentation of 
several numerical equations correlating hydro- 
gen viscosity and thermal conductivity; con- 
sidered in the reference are experimental and 
theoretical results ranging from cryogenic tem- 
peratures to 5000°K and essentially 1- to 100- 
atm pressures. Experimental and theoretically 
calculated results were used to obtain the cor- 
relations, and the forms of the correlations 
themselves were selected primarily to repre- 
sent data rather than to provide any insight into 
physical processes. Seventy-nine pieces of lit- 
erature were searched, and these dated from 
about the turn of the century to the present 
time. 


The Defense Metals Information Center 
(DMIC) at Battelle Memorial Institute is pre- 
paring a series of memoranda in the field of 
radiant heat transfer. Reference 4 is one of the 
series dealing with the emittance, reflectance, 
and absorptance of stainless steels. The com- 
pilation contains data from the 1940 to 1959 
literature; some of the 1960 literature is also 
included. Other DMIC publications on the sub- 
ject’’® should be consulted for definitions of 
terms, methods of measurement, etc. 


Pressurized Water 


Work done in support of the thermal design 
of the High-Flux Isotope Reactor (HFIR) has 
been previously discussed in the June 1961 
issue of Power Reactor Technology, Vol. 4, No. 
3. These previous studies were concerned pri- 
marily with the shutdown condition of the HFIR, 
wherein fuel elements were standing in nearly 
stagnant water or were being removed. The 
results of additional experiments have recently 
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been published.’ Experimental determinations 
of friction factors, burnout heat flux, and film 
coefficients for thin rectangular channels are 
reported for the following conditions: 


Heat flux 105 to 7.4 x 108 Btu/(hr)(sq ft) 
Velocity 10 to 85 ft/sec 

Nre 9000 to 270,000 

Pressure 1 to 39 atm 

Flow gap 43 to 57 mils 


Heated length 12 and 18 in. 

An electrically heated test section was employed 
in an instrumented heat-transfer system. The 
test section was in the form of thin rectangular 
channels about 1 in. wide and was fabricated of 
nickel and aluminum; several special design 
and fabrication techniques were utilized to en- 
sure that the heat generation was reduced at 
the edges of the test section to prevent pre- 
mature burnout due to low film coefficients in 
the region. One aluminum test section had a 
center spacer strip present during the test, 
This spacer was a Slightly flattened stainless- 
steel pipe running the length of the test section; 
the subsequent discussion will pertain only to 
data taken on the section without the spacer. 


The experimentally determined friction fac- 
tors were found to deviate from the conventional 
Moody correlation by an average of +13 per 
cent. Friction factors for runs wherein heat 
was transferred compared favorably with those 
for no heat transfer, and the Sieder-Tate factor 
of (Hwa/Ubuik)’ *4 was omitted. The experi- 
mentally determined burnout heat fluxes were 
compared to eight burnout correlations, anda 
correlation of Zenkevich and Subbotin® was 
recommended for HFIR design; the correlation 
predicted the burnout heat flux with an average 
error of 14.8 per cent and a maximum error of 
30.6 per cent. The local and average film coef- 
ficients were found to be slightly higher than 
the values predicted by the Hausen and Sieder- 
Tate equations. This is of particular interest, 
since the adequacy of this latter equation for 
thin, rectangular channels has been questioned 
(see Power Reactor Technology, Vol. 2, No. 4, 
page 36). The report concludes with a calcula- 
tion of the HFIR minimum shutdown coolant 
flow and with the results of natural-circuiation 
studies carried out with the element in air and 
water. 


The use of ribbed fuel elements is not un- 
common in power-reactor design, since ribs 
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Fig. III-1 Cross section of test section.® (a), type A 
ribs. (0), type B ribs. 


may be used as spacers for both rod and plate 
type elements. Reference 9 reports experi- 
mental data on the burnout of a heat-transferring 
surface in contact with a spacer rib. The test 
sections for the tests are shown in cross sec- 
tion in Fig. IIl-1. Distilled water flowed through 
one of the test sections, through a heat ex- 
changer, and through a pump; 22 burnout tests 
were conducted within the following ranges of 
variables: 


Width of rib tip 

Product of the thermal 
conductivity and 
thickness of heated 
surface 

Rib clearance 

No heat flow through the rib 

Rib material 


Up to 0.0122 ft 
0.027 to 0.231 
peu/(hr)(°C) 


Up to 0.050 -in. 


Al, silicone plastic, 
and ‘‘Micarta’’ 


Angle formed by rib and 60 to 90° 
heated surface 
Portion of rib tip in contact 29 and 100% 


with heated surface 
Rib parallel to coolant flow 
Vertical, heated surfaces 
cooled on one side 
Downward coolant flow 


Velocity 15 to 35 ft/sec 
Pressure 30 to 70 psia 
Local subcooling 30 to 70°C 
Channel thickness 0.12 to 0.25 in. 
Width of heated strip 1 and 2 in. 
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The experimental procedure was to adjust the 
flow, pressure, and heat flux to the desired 
values. The cooling water to the heat exchanger 
was gradually reduced, which caused an in- 
crease in the temperature of the water flowing 
to the test section. Burnout was defined as the 
visual detection of an incandescent spot propa- 
gating across the width of the heated surface. 


The results of the experimental program led 
to a correlation that showed that the burnout 
heat flux of a ribbed surface of the type studied 
approached the value for the ideal surface (no 
rib) as (1) the width of the rib tip decreased, 
(2) the thickness and thermal conductivity of 
the heated surface increased, and (3) the clear- 
ance between the tip of the rib and the surface 
increased. In general, it was found that the 
ribbed surface had a burnout heat flux up to 
32 per cent lower than the ideal surface. As 
long as the rib was not in thermal contact with 
the heated surface, the material of the rib did 
not affect the burnout heat flux; the burnout heat 
flux was the same for type B ribs as it was for 
the ribs mounted in the center of the heated 
strip (type A). The authors conclude that the 
decrease in the burnout heat flux caused by a 
rib is related to the increase in heat flux in 
areas adjacent to the rib. 


Superheated Steam 


The status of superheated-steam heat transfer 
has been previously reviewed in the December 
1960 issue of Power Reactor Technology, Vol. 
4, No. 1. The Atomic Energy Research Estab- 
lishment has reported additional experiments,'° 
The reference is Part I in a study that will 
eventually report on two-phase flow in the 
spray-cooled regime (see Power Reactor Tech- 
nology, Vol. 4, No. 4, page 20). The single- 
phase steam-cooled work was done to check 


Table IIl-1 TEST-SECTION PARAMETERS” 





Equivalent diameter of annulus, De 0.178 in. 
Inner diameter, D, 0.375 in. 
Outer diameter, D, 0.553 in. 
Heated length 29.62 in, 
L/De ratio Up to 151.7 
Pressure, psia 155-1075 


Mass flow rate, lb/(hr)(sq ft) 0.432—1.02 x 108 
Reynolds number 1.30 -3.2 x 105 
Heat flux, Btu/(hr)(sq ft) 5.1-12.8 x 104 


Maximum AT;, °F 220 
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Fig. III-2 Nusselt number vs. Reynolds number” for 
L/D, ratios greater than 60. @, reference 10 data 
(high pressure), 0.0148 (D., ft), 60-150 (L/D.). O, 
reference 10 data (low pressure), 0.0147 (De, ft), 60— 
120 (L/De). A, reference 10 data (low pressure), 
0.0201 (De, ft), 60-100 (L/D. ). - - -, Heineman ANL 
(tube) (1960), 0.0277 (D, ft), 36 (L/D). ,» McAdams 
et al. (1950), 0.0109 (De, ft), 60—80 (L/De). 





performance on the test section, in addition to 
securing useful data. 

The experiments were done with annular test 
sections, the details of which are shown in Table 
Ill-1. Only the inner annulus wall was heated 
electrically. The test section (and most of the 
rest of the rig) was fabricated of 18/8 stainless 
steel. 

The results of the experiments are shown in 
Fig. IlI-2, and it is concluded by the authors 
that the results confirm the work of McAdams 
et al. and the work of Heineman. Correlations 
are presented for the entrance region. 


Boiling Water 


Heat-Transfer Coefficients and Flow Regimes 


Reference 11 is the translation of a collection 
of 13 papers given at a 1950 seminar sponsored 
by the Boiler Section of the Committee on High 
Parameter* Steam at the Power Engineering 
Institute of the Academy ofSciences, USSR. The 
various authors reevaluated their papers during 
1954, and the document, edited by M. A. Styriko- 
vich, was published in 1955; the translation was 
published in June of 1961. The document ap- 
pears to give the status of two-phase hydro- 
dynamics and heat transfer in the Soviet Union 





*The term “‘high parameter’’ denotes both high 
pressure and high temperature. 
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as of 1954 and should be of considerable interest 
to the specialist. The table of contents is re- 
produced herein. 


CONTENTS 

Page 
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Air-Water Mixture in Vertical Tubes. . . . 7 
A. A. Armand. The Flow Mechanism of a Two- 

Phase Mixture ina Vertical Tube. ... . 19 
Vv. A. Arkhangel’skii. Calculation of Gas-Liquid- 

Mixture Flow in Vertical Tubes . . 3 35 


S. G. Teletov. Analysis of Experimental Data on 
Steam- and Gas-Liquid Mixtures in Terms 
of Dimensionless Quantities and the Methodology 
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CIRCULATION IN HIGH-PRESSURE STEAM BOILERS 
D. F. Peterson. Test Results in Study of High- 


Pressure Steam-Boiler Circulation . . A 68 
V. N. Noev. Boiler Breakdown at Electric Power 
Stations Due to Disruptions in Circulation . . 90 


M. A. Styrikovich and G. Ye. Kholodovskii 

Effective Circulation Heads in Steam Tubes 

at High Steam Pressures. . . - 100 
A. A. Davidov. Investigation of Flow Pulaatbena. 

in Tubes of the Evaporation Section of 


Radiant Boilers. . . . 54 
I, E. Semenovker. The Ciena of ubnidlena 
in the Evaporation Tubes of Steam Boilers. . 161 


HEAT TRANSFER DURING BOILING 


M. A. Kichigin and N. Yu. Tobilevich. The 

Generalization of Experimental Data 

Pertaining to Heat Transfer or 

Boiling. « <« + ie Wk ae Sy 
N. Yu. Tobilevich and B. i EiGuaedkis: 

Investigations of the Features Occurring 

in the Heat-Transfer Process During 

Boiling in Tubes. . . ete oe 
M, A. Styrikovich and M. E. Sitained “tn In- 

vestigation of the Operational Temperature 

Regime in a Vertical Evaporator Tube at 

Superhigh Pressures . . a « « a8 
M. A. Styrikovich and Z. L. Miropol’ skii. " ‘The 

Temperature Regime for Operational 

Horizontal and Inclined Steam-Generating 

Zubes at: High Pressures, < « «3 j«»<+ «i Q44 


The design of a once-through superheat re- 
actor by General Electric Company’s Atomic 
Power Equipment Department (APED) was dis- 
cussed briefly in the September 1961 issue of 
Power Reactor Technology, Vol. 4, No. 4, page 
24, Additional heat-transfer data applicable to 
the concept have recently become available.” 
The data were taken in a heat-transfer facility 
especially instrumented for “once-through’’ ex- 
periments. The test section consisted of two 
major assemblies connected by flanges. The 





lower heater section contained eight electrically 
heated rods, each operating at a relatively low 
heat flux to ensure against burnout; the purpose 
of the eight-rod section was to produce steam 
of about 25 per cent quality. Immediately above 
the multirod section was a single electrically 
heated tube. This latter tube was enclosed ina 
liner, giving an annular flow passage for the 
steam-water mixture that entered from the 
eight-rod heated section. The upper test heater, 
the dimensions of which are given in Table 
IlI-2, was instrumented with about 20 thermo- 
couples for temperature measurements. The 
output of selected thermocouples was monitored 
to provide for automatic power shutoff in the 
event of excessive temperatures, and a maxi- 
mum wall temperature of 1000°F was permitted, 
since it was suspected that higher temperatures 
might cause collapse of the heater tube. Table 
IlI-2 lists values of experimental parameters; 
runs at 1100 psi were also made. 

Several types of temperature oscillations 
during operation were noted at departure from 
nucleate boiling (DNB), during transition to 
film boiling, and during film boiling. Accord- 
ingly, the various runs were arbitrarily divided 
into classes, as shown in Table III-3. Examples 
of the time-temperature traces from several 
different runs are shown for eachofthe classes. 
The “sudden’”’ temperature departures are char- 
acterized (at least in the trace shown in the 
reference) by a ramp in temperature indicated 
by one of the couples from a steady value to a 
sufficiently high value to shut off the power. 
The last category of flow-instability-induced 
temperature fluctuations is of interest. The 
British work on spray cooling has been directed 
to avoid operation in the slug-plug flow regime, 
where a chugging type of instability has been 
noted.'® To do this, the flow pattern of annular 
flow is established at the inlet end of the heated 
channel. No flow-regime studies are reported 
in reference 12; however, this area is recom- 
mended for future work, 

The results are presented in graphical and 
tabular form. The figures for the various pres- 
sures studied show DNB heat flux versus steam 
weight fraction, heat-transfer coefficient versus 
steam quality during transition to film boiling, 
and film-boiling heat-transfer coefficients ver- 
sus steam quality. Modified Colburn correla- 
tions were used to attempt to correlate the 
film-boiling coefficients with a resulting +20 
per cent spread of data. 
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The thermal problems of the once-through 
superheater reactor are of as much interest 
as the heat-transfer experiments just outlined. 
The enthalpy change between entering subcooled 


bundle, and the steam-water mixture exits at 
the top with a 12 per cent quality. The wet 
steam passes through the holes in the process 
tube and then flows down the transition pass 


where it exits into the mixing plenum with a 
quality of about 100 per cent. The last pass 


water and exit superheated steam is something 
like 1100 Btu/lb. This is a large amount of 


Table III-2 TEST-SECTION DESIGN DATA AND TEST PARAMETERS” 


(Upper Test Heater: Effective Length, 40 In.; Outside Diameter, 0.625 In.; 
and Wall Thickness, 0.042 In.) 





0.120-in. annulus 0.060-in. annulus 











1400 psi 800 psi 1400 psi 800 psi 

Subcooling, Btu/lb 15 302 15 302 15 358 15 358 15 15 15 15 
Inlet temperature, °F 576 327 576 327 506 184 506 184 576 576 506 506 
Mass velocity, 

Ib/(hr)(sq ft) x 108 1.25 1.25 0.415 0.415 1.05 1.05 0.348 0.348 2.72 0.905 2.28 0.757 
Heat flux (heater), 

Btu/(hr)(sq ft) x 108 250 250 83 83 25 25 83 83 25 83 25 83 
Heat flux (test), 

Btu/(hr)(sq ft) x 108 600 600 200 200 600 600 200 200 600 200 600 200 
Steam quality to test 

heater 0.76 0.27 0.76 0.27 0.76 0.27 0.76 0.27 O77 0.77 OT O77 
Steam quality, test- 

heater exit 1.0 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0 1.0 1.0 1.0 
Total power, kw 423 423 140.4 140.4 423 423 140.4 140.4 423 140.4 423 140.4 





Table III-3 CLASSIFICATION OF TYPICAL 
TEMPERATURE TRACES” 








Class 
1 Sudden temperature departure 
2 Transition-temperature oscillation <172°F 


a. resulted in film boiling with < 86°F 
b. resulted in film boiling with > 86°F 

3 Transition-temperature oscillation >172°F 
a. resulted in film boiling with < 86°F 
b. resulted in film boiling with > 86°F 

4 Periodic temperature oscillations due to flow 
instability 





energy change in a single coolant pass if no 
interpass mixing were to occur, and local power 
perturbations become correspondingly more 
serious compared to a separate superheating 
reactor where, for example, the corresponding 
outlet minus inlet enthalpy is approximately 
320 Btu/lb. One of the possible solutions to 
this problem discussed in reference 14 is a fuel 
bundle containing plenums and a temperature- 
sensitive automatic flow-control valve at the 
exit from the fuel element. Figure III-3 shows 
the pass arrangement for the once-through ele- 
ment; the flow-control valve is not shown. Sub- 
cooled water enters the bottom of the fuel 


then superheats the steam to the desired tem- 
perature. In contrast to the sodium-flow-control 
valve, described in the September 1961 issue 
of Power Reactor Technology, Vol. 4, No. 4, 
that was actuated external to the core, the 
General Electric design envisions, for example, 
a bimetallic strip so constructed that it would 
respond with no control external to the core. 
To ensure that hydraulic instabilities will not 
become serious, the element is orificed in all 
three passes; the total pressure drop from the 
inlet to the outlet of the element is about 200 
psi. 

The temperature fluctuations occurring in 
the transition boiling regime represent a po- 
tentially serious problem. The following is 
quoted* from reference 15: 


Thermally induced transient surface stresses of 
fairly low amplitude can cause fatigue failure in 
metals provided a sufficient number of cycles is 
accumulated. Transients in the frequency range 
from afew cycles per minute to many cycles per 
second may originate at the fuel-coolant interface 
by a mechanism involving turbulent eddies in the 





* Reprinted here by permission from Transactions 
of the American Nuclear Society. 
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coolant medium which are known to penetrate the 
boundary layer even in long, straight pipes. Boiling 
heat transfer is particularly likely to cause surface 
thermal instabilities. 


The results of a thermal cycle test on a 0.458- 
in.-ID Inconel tube (0.147-in. wall thickness), 
at an average temperature of 1405°F, are 
quoted* as follows: 


Accelerated intergranular attack and heavy void 
formation was produced by exposure to low stresses 
(7600 psi, corresponding toa temperature amplitude 
of 46°F), high frequency (1.0 cps), and long exposure 
time (2.2 x 108 cycles),!T! These conditions pro- 
duced a pitted surface. Intergranular attack seemed 
to surround the surface grains and cause them to 
fall out. 


Publications of the United Kingdom Atomic 
Energy Authority Research Group that are 
pertinent to heat transfer and fluid dynamics 
in the climbing film flow regime were cited in 
the September 1961 issue of Power Reactor 
Technology, Vol. 4, No. 4. Reference 16 can be 
added to this group. The document combines 
the results of several published works to pre- 
dict the behavior of a liquid film flowing con- 
currently with a gas, with and without heat 
transfer; since the treatment is quite special- 
ized, it will not be discussed in detail. The 
following is an example of the types of calcula- 
tions that can be made by using the results 
given in the reference: “From known values of 
pressure drop, physical properties, liquid film 
flow rate, and channel dimensions, calculate 
the film thickness and heat-transfer coeffi- 
cient.’’® The analytical results have not been 
verified by comparison to experimental data, 
but this presumably will be done. 

Reference 17 reports results of a joint 
U. S.—Euratom Research and Development 
Board study on two-phase flow in subcooled- 
and bulk-boiling light-water systems. The ex- 
perimental conditions are given in Table II-4, 
along with those of other experimenters for 
comparison. First priority was given to the 
measurement of void distribution, and no pres- 
sure-drop data were taken. The electrically 
heated heat-transfer test section was formed 
from a type 315 stainless-steel tube (with a 





*Reprinted here by permission from Transactions 
of the American Nuclear Society. 
{+ This is equivalent to about 25 days at 1 cps. 
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Fig. I1I-3 Fuel-bundle schematic for once-through 
three-pass superheat reactor.'4 


diameter of *, in. and a wall thickness of 
0.010 in.) by flattening it until it approximated 
two parallel plates. This was backed up by 
Transite insulation and enclosed in steel plates 
to withstand the pressure. Holes drilled through 
the steel and Transite allowed passage of beta 
particles for void measurements. The correla- 
tion of the data in the bulk-boiling regime was 








16 


CONDITIONS EMPLOYED IN VOID EXPERIMENTS REPORT<D IN THE LITERATURE" 








Table IlI-4 
Pressure, Flow, Heat flux, 
Investigator psia ft/sec 10° Btu/(hr)(sq ft) Test section Remarks 
Behringer® 14-700 No circulation Tubes 2.2, 2.7, Static pressure 
of liquid and 3.25 in. measure- 
in inside di- ments with a 
ameter and movable 
20 ft long probe 
Egen, Dingee, and Chastain> 2000 5 0.04-—0.5 0.097 x 1 x 27 in. Gamma-ray at- 
tenuation 
method of 
measuring 
voids; sub- 
cooling: 
10 -135°F 
Griffith, Clark, and RohsenowS 500-1500 20 —30 Low 0.5-in. spacing Photographic 
technique 
Poletavkin and Shapkin®? 100 —600 2-38 Up to 0.923 Stainless-stee! Radioactive 
tube, 0.22 in. salt NaF, 
in inside di Na” in so- 
ameter lution; sub- 
cooling: 5-— 
180°F 
Costello 17 1.5-4 Up to 0.821 Annulus, 0.19 in. Beta-radiation 
in outside and photo- 
diameter and graphic tech- 
0.50 in, in nique; sub- 
inside di- cooling: 
ameter 23-103°F 
Marchaterre‘ 100 —600 1.5-1.8 13-50 kw/liter Multiple chan- Gamma-ray 
nels, he x attenuation 
314, x 48 in. method 
Marchaterre, Petrick, 150 —160 1-6 17-95 kw/liter 1, x 2 x 60 in. Gamma-ray 
Lottes, Weatherhead, and % x 2x attenuation 
and Flinn® 60 in. method; sub- 
cooling: 5— 
35°F 
Schwarz* 310-1190 2-3 No heat in test 2-in.-ID riser Gamma-ray 
section attenuation 
method 
Maurer’ 1200-2000 10-20 0.4-4 0.087 x 1x Gamma-ray 
27 in. attenuation 
method; sub- 
cooling: 15— 
315°F 
Cook’ 150 —600 0.8-1.9 10 —50 kw/liter Mag x 3114, in. Subcooling: 0- 
and 2 and 20°F 
4 ft long 
Reference 17 700 —1300 8.8-18.9 0.1-0.56, a-c 0.05 x1 x Beta-ray at- 
and d-c 28 in. and tenuation 
0.10 x1 x method; 
28 in. subcooling: 
15-185°F 





*Pp. Behringer, Velocity in Rise of Steam Bubbles in Boiler Tubes, VDI-Forschungsh., 365B: 4(1954). 
oR. A. Egen et al., Vapor Formation and Behavior in Boiling Heat Transfer, USAEC Report BMI-1163, Battelle Me- 


morial Institute, Feb. 4, 1957. 


“p: Griffith et al., Void Volumes in Subcooled Boiling Systems, ASME Paper No. 58-HT-19, Mar. 27, 1958. 


4p. G. Potelavkin and N. A. Shapkin, Labeled-Atom Method for Studying the Water and Steam Contents During the 
Surface Boiling of a Liquid, Akad. Nauk S.S.S.R., Giavnoe Upravlenie po Ispolzovaniiu Atomnoi Energii pri Sovete 
Ministrov S.S.S.R., Trudy Vsesoiuznoi Nauchno-Tekhnicheskoi Konferentsii po Primeneniire Radioaktivnykh i Stabil- 
nykh Izotopov i Izluchenti v Narodnom Khoziastve i Nauke (4-12 April, 1957), Teplotekhnika; grdrodinamika, Vol. 4, 
pp. 16-19. 

“C. P. Costello, Aspects of Locai Boiling Effects on Density and Pressure Drop, Paper No. 59-HT-18, ASME-AIChE 
Heat Transfer Conference, Storrs, Connecticut, Aug. 9-12, 1959. 

fJ. F. Marchaterre, The Effect of Pressure on Boiling Density in Multiple Rectangular Channels, USAEC Report 
ANL-5522, Argonne National Laboratory, February 1956. 

8J. F. Marchaterre et al., Natural and Forced-Circulation Boiling Studies, USAEC Report ANL-5735, Argonne Na- 
tional Laboratory, May 1960. 

hk, Schwarz, Investigation of the Distributions of Density, Water, and Steam Velocity, and of the Pressure Loss in 
Vertical and Horizontal Up-Flow Boiler Tubes, VDI-Forschungsh., 445, Beilage zu “Forschung auf dem Gebiete des 
Ingenieurwesens,’’ Ausgabe B, Band 20 (1954). 

'G. W. Maurer, A Method of Predicting Steady-State Boiling Vapor Fractions in Reactor Coolant Channels, USAEC 
Report WAPD-BT-19, Westinghouse Electric Corp., Atomic Power Equipment Dept., June 1960. 

JW. H. Cook, Boiling Density in Vertical Rectangular Multichannel Sections with Natural Circulation, USAEC Report 
ANL-5621, Argonne National Laboratory, November 1956. 
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investigated by use of the momentum exchange 
model (see the September 1960 issue of Power 
Reactor Technology, Vol. 3, No. 4) and the 
variable-density model (see the March 1961 
issue of Power Reactor Technology, Vol. 4, No. 
2). Figure III-4 shows the effect of the Rey- 
nolds number on the Bankoff flow parameter, * 
whereas Fig. III-5 shows the effect of the 
Reynolds number on the slip ratio. Figure III-6 
shows the Argonne National Laboratory (ANL) 
recommended curve of slip ratio versus pres- 
sure and a new curve including the Battelle 
data. Both flow models were found to be in 
“fair’’ agreement with the data, although both 
underestimated the exit void fraction; the be- 
havior illustrated by Fig. III-4 is not consistent 
with the Russian data, which indicated little 
dependence of K on velocity. (See Power Reac- 
lor Technology, Vol. 4, No. 2, for a discussion 
of Russian experiments with steam-water mix- 
tures.) 
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Fig. III-4 Relation of Bankoff flow parameter to 
Reynolds number." x, pressure >1000 psia. @, pres- 
sure <900 psia. 
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Fig. III-5 Slip ratio at constant void fraction vs. 
Reynolds number.?" x, pressure >1000 psia. @, pres- 
sure <900 psia. 





1 — void fraction , 
+ void fraction. 





* This is defined as 


slip ratio 
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of ANL. LO, data of Hughes. V, data of Marchaterre. 
©, data of Schwarz. @, data of Egen, Dingee, and 
Chastain. x, data of Battelle. , Slope suggested 
in ANL-5735. — — -, new suggested slope. 





Burnout 


Reviews of boiling heat-transfer processes 
and correlations’*-!® have recently been pub- 
lished by several British authors. Although 
“re-reviews’’ of these publications are not 
particularly useful, several points of general 
interest merit further discussion. In the Sep- 
tember 1961 issue of Power Reactor Technol- 
ogy, Vol. 4, No. 4, it was noted that several 
experimenters suggest that the transport of 
liquid and vapor within the core of a two-phase 
mixture in annular flow is the governing mecha- 
nism in burnout. Reference 18 suggests that 
there is a“... maximum limiting value of heat 
flux which can be sustained by a liquid film of 
a certain thickness prior to the disruption of 
the film. As the thickness of the liquid film is 
increased, so the maximum heat flux which can 
be sustained also increases... .’’ The refer- 
ence also postulates an explanation of the effect 
of mass velocity on burnout. The main relations 
are shown in Fig. I-7.* Part a of Fig. II-7 
represents the Westinghouse Atomic Power 
Division (Report WAPD-188) correlations in 
schematic form, with the monotonic relation 
between burnout heat flux and mass velocity. 
Part b of Fig. Il-7 is a schematic of the cor- 
relation as published by Bell (see the June 
1960 issue of Power Reactor Technology, Vol. 
3, No. 3, for a review of Bell’s article), and is 
the one recommended! as showing the correct 





* Figure III-7 is reprinted here by permission from 
the July 1961 issue of Nuclear Power."8 
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Fig. III-7 Relation between main variables.'® (a), 
after WAPD, (b), after Bell (2000 psia). (c), as sug- 
gested by Collier'® (below 2000 psia). 


relations between burnout heat flux, mass ve- 
locity, and quality at pressures in excess of 
2000 psia. Partc of Fig. III-7 is suggested as 
showing the correct relations between the varia- 
bles at pressures less than 2000 psia and is 
based on Russian and Massachusetts Institute of 
Technology data. An explanation is offered as 
to why American experimenters have not been 
able, in general, to observe a maximum burnout 
heat flux (at a given mass velocity) as shown 
in part c of Fig. III-7. 


The term “departure from nucleate boiling’’ 
has been generally used to denote an upper 
limit in power-reactor design. As used in Re- 
port WAPD-188, the term denotes that point on 
the curve of heat flux versus temperature 
where nucleate boiling ceases and partial film 
boiling commences. Reference 18 suggests that 
between the nucleate-boiling regime and the 
liquid-deficient regime lies a forced-convective 
regime (where no nucleate boiling occurs). The 
flow pattern is one of annular flow; however, 
since nucleation is suppressed, the heat is 
transferred by eddies to the film-vapor inter- 
face, where evaporation occurs. Film coeffi- 
cients are stated to be higher than those for 
nucleate boiling; thus the wall temperatures 
would be low. The British propose to operate 
by use of the forced-convective mechanism in 
their spray-cooled reactor. 


The subject of burnout in rod clusters is con- 
sidered in references 19 and 20. Reference 20 
contains burnout information obtained on the 
seven-rod bundle tested at the Columbia Uni- 
versity Engineering Center. This program was 
reviewed in the June 1961 issue of Power Reac- 
tor Technology, Vol. 4, No. 3, and the test sec- 
tion reported in reference 20 was the one 
wrapped with spiral spacer wires. Although 
the data presented are preliminary, they are of 
interest in that they are some of the first burn- 
out runs that used rod clusters. A quotation 
from reference 19 follows: “The writer is not 
aware of work in the open literature which en- 
ables comparison of two-phase burnout flux in 
rod clusters with that in tubes.’’ The results 
of the Columbia program indicate that “the data 
from the 7-rod test section appear to be in 
reasonable agreement with data on forced flow 
in simpler channel sections.’° The data are 
shown in Table III-5. 


The first progress report on the GE APED 
Fuel-Cycle Program was reviewed in the June 
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1961 issue of Power Reactor Technology, Vol. 
4, No. 3; the second and third progress reports 
have recently been issued.”!* One of the ex- 
periments being conducted is the high-pressure 
observational boiling experiment. This experi- 





2.0 x 10° lb/(hr)(sq ft). The burnout detector 
utilized tube resistance at the downstream end 
of the test section to detect onset of burnout and 
tripped the power to the test section. One of 
the results of the experiments is plotted as 


Table II-5 HEAT-TRANSFER LIMIT FOR SEVEN-ROD TEST SECTION*”® 











sh, Heat flux, Superficial 
Superficial exit coolant 
Inlet mass velocity, Total totes dc quality, 
subcooling,f lb/(hr)(sq ft) power, Central Outer % vapor 
Run No. °C x 108 kw rod rods by weight 
1.3 103 0.613 383 220,000 228,000 10.8 
2.7 18 0.535 373 217,000 225,000 42.3 
3.5 32 0.587 433 249,000 258,000 40.0 
4.6 20 0.939 534 309,000 318,000 32.3 
5.4 22 1.59 604 343,000 361,000 18.9 





* Test conditions (data from Columbia University Engineering Center): 


1. 37-in. heated length 
2. Upflow of water 


3. Uniform heat generation along the length of the rods 


4. Exit pressure = 1000 psia 


t Inlet subcooling equals the exit saturation temperature (285°C) minus the inlet temperature of 


the coolant. 


{Heat flux at which ‘‘burnout detector’’ indicated significant fluctuations in the temperature of 
the central heated rod; estimated to be between 80 and 100 per cent of actual burnout heat flux. 


ment employs a test section constructed to in- 
clude a transparent Pyrex-sapphire window 
capable of operation up to 1015 psia. High- 
speed (4000 frames/sec) movies are being taken 
of the flow conditions at burnout for subsequent 
analysis. Reference 22 contains results of some 
burnout heat-transfer studies of the effect of 
steam quality, mass flow rate, hydraulic di- 
ameter, and heated length on the burnout heat 
flux. Since the results are preliminary, there 
would be no advantage in reproducing them 
here; they would, however, be of interest to one 
following the state-of-the-art of boiling burn- 
out. 

Boiling-burnout studies at Oak Ridge National 
Laboratory (for water in swirl flow) have been 
reviewed in the September 1960 issue of Power 
Reactor Technology, Vol. 3, No. 4. Reference 
23 reports on experiments done at ANL fora 
system pressure of 2000 psia. The electrically 
heated test section consisted of a 21-in.-long, 
*/,-in.-ID, type 304 stainless-steel tube. Twisted 
type 304 stainless-steel strips, sized to fit the 
inner diameter snugly, were used as pitches of 
1%, and 3!4 in.* Mass flows were 0.5, 1.0, and 





* These pitches correspond to a twist ratio (internal 
diameters per 360° of twist) of 5 and 10, respectively. 
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Fig. III-8 Critical heat flux vs. pumping power” 


with net steam generation at 2000 psia and Gx 108 
lb/(hr)(sq ft). O, 5 (twist ratio). LJ, 10 (twist ratio). 
A, empty tube (twist ratio). 
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Fig. III-8.* The pumping power includes fric- 
tional, momentum, and hydrostatic pressure 
drop. The maximum pumping powers that are 
shown correspond to an-.exit quality of about 
50 per cent. The relative advantage of swirl 
flow is attributed to the effect of centrifugal 
forces breaking up the vapor film on the heated 
surface. 


Short Notes 


Two reports have been published which deal 
with the application of digital computers to the 
calculation of void distribution, pressure drop, 
etc., in boiling-water reactors. FUGUE” cal- 
culates steady-state wall and bulk fluid tem- 
peratures, pressure, and void fraction in pipe 
flow; BREACH” computes void distribution and 
pressure drop for single-channel flow. 
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The objective of the SPERT program is to de- 
termine the dynamic behavior of solid-fuel 
water-moderated reactors when relatively large 
additions of excess reactivity, such as those 
significant for safety evaluations, are applied. 
Significant new results have recently been re- 
ported by Miller! at the June 1961 meeting of 
the American Nuclear Society and in a set of 
recently issued quarterly technical reports of 
the SPERT program.’~° 

The results of the SPERT work up to the 
time of the 1958 Geneva Conference are sum- 
marized in reference 7. Later work, up to that 
discussed here, has been reported intheSPERT 
program quarterly progress reports (references 
8 to 13) and in references 14 and 15. Reference 
16 contains a history of the project, a summary 
of significant results, and future plans, as of 
June 1959. A bibliography and review of the 
over-all SPERT program is given in Nuclear 
Safely, Vol. 2, No. 3. The BORAX experiments 
were the predecessors of the SPERT program, 
and most of the results that have a close rela- 
tion to the SPERT program are reported in 
references 17 to 20. 

The SPERT facilities now comprise four ex- 
perimental reactor installations. The first re- 
actor, SPERT-I, has been in operation since 
1955. It is an unpressurized reactor in which 
fully enriched cores having a wide range of nu- 
clear characteristics have been tested while 
utilizing both aluminum and stainless-steel ele- 
ments. The other reactors have gone into opera- 
tion more recently, and much of the following 
review is devoted to the initial results that 
have been obtained with them. The SPERT-II 
reactor’! is designed for a moderate degree of 
pressurization (up to 375 psig and 400°F). 
SPERT-II utilizes a relatively large (10-ft- 
diameter) reactor vessel and contains a pro- 
vision for the installation of internal coaxial 
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shells to reduce the amount of moderator re- 
quired or to allow the use of different liquids 
for core moderator and reflector. The reactor 
is intended primarily to examine the importance 
of the prompt-neutron lifetime in kinetic be- 
havior, over a wide range of environmental 
conditions, and to study the special features 
associated with heavy-water systems. Provi- 
sion is made for coolant flow, both upward and 
downward through the core, at velocities up to 
25 ft/sec (20,000 gal/min), but no provision is 
made for extraction of heat from the coolant 
since the reactor is not to be used for steady 
power operation. The reactor is initially fueled 
with fully enriched, uranium-aluminum plate 
elements, with an adjustable spacing that can 
be varied, the lower limit being about '/,, in, 
(surface to surface). TheSPERT-III reactor” is 
intended to provide an environment similar to 
that in large power reactors and to provide 
means for certain engineering tests related to 
the dynamic behavior. The reactor vessel and 
primary coolant loops are designed for maxi- 
mum operating pressure and temperature of 
2500 psi and 650°F. The coolant system can 
provide flow rates up to 20,000 gal/min, with a 
heat-rejection capacity of 60 Mw for intermit- 
tent service, and can be pressurized by an ex- 
ternal steam pressurizer. The reactor vessel 
is 4 ft in internal diameter. The initial core is 
composed of fully enriched UO,-—stainless steel 
plate type elements, the plates are 0.035 in. 
thick and the spacing (surface to surface) is 
0.123 in. The SPERT-IV facility is intended to 
be used for fundamental investigations, which 
include studies of the instability phenomenon, 
It is described briefly in Nuclear Safely, Vol. 2, 
No. 3. Results from this reactor have not yet 
been reported, 

Although it is possible, in reactor-accident 
analyses, to postulate the addition of excess 
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reactivity at various rates, the SPERT results 
have shown" that the essential features of the 
power-limitation process are, in any case, 
Similar to those that apply if the excess re- 
activity is added suddenly to the subcritical 
reactor at a rate sufficiently fast that all the 
reactivity is added before the reactor power 
reaches a _ significant level. Since this “step 
addition’? of reactivity introduces the least 
complication of the experiment by nonessential 
variables, it has been used to initiate many of 
the transients that have been studied, and much 
of the SPERT investigation has been aimed at 
determining the quantitative characteristics of 
the processes that cause the reactor to experi- 
ence eventually a reduction of reactivity and, 
thereby, to terminate automatically the power 
transient. 

The typical behavior of the important varia- 
bles, as functions of time after the addition of a 
relatively large amount of excess reactivity, is 
shown, qualitatively, in Fig. IV-1. This figure, 
from reference 14, was made from the records 
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Fig. IV-1 General behavior of important variables 
during a power transient caused by a step addition of 


excess reactivity."4 
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of a transient that involved an exponential power 
rise having an asymptotic period of 17 msec. 
The curves shown in the figure begin at some 
time after the step addition of reactivity, and, 
at this time, the reactor power is already rising 
on the constant asymptotic period, as indicated 
by the linear increase of the logarithm of the 
reactor power as a function of time. The tem- 
perature indicated in the figure is the tem- 
perature of the surface of a fuel plate located 
near the position of maximum power density in 
the core. After the reactor power has risen to 
a significantly high level, the temperature of 
the fuel-plate surface begins to rise perceptibly. 
Some heat is conducted to the coolant water 
from the plate, and the resulting slight in- 
crease in water temperature, along with the 
thermal expansion of the fuel plate, begins to 
reduce the reactivity slightly. Shortly after the 
surface temperature has reached the saturation 
temperature of the water, steam begins to form 
at the fuel-plate surface, water begins to be 
expelled from the core by the steam, the re- 
activity begins to drop rapidly, and the power 
rise is terminated. Shortly thereafter, as still 
more steam is formed, the power begins to fall 
very sharply. As the fuel plate transfers heat 
rapidly to the water, through the boiling proc- 
ess, the temperature of the plate drops, all the 
more so since the reactor power is also drop- 
ping rapidly. In order to expel water rapidly 
from the reactor core, the steam must build up 
pressure to overcome the inertia of the water; 
this transient-pressure variation is also shown 
in the figure. In the determination of whether 
the transient is likely to cause damage to the 
reactor core, the fuel-plate surface tempera- 
ture and the pressure are, of course, important 
quantities. The former is an indication of 
whether the fuel element will be damaged by 
excessive temperature, whereas the latter isan 
indication of whether damage might be expected 
from mechanical effects. A notable character- 
istic of the shutdown process is that the reduc- 
tion in reactivity which suffices to stop the rise 
of reactor power is only a small fraction of the 
reactivity reduction that finally occurs because 
of the boiling and expulsion of water. In gen- 
eral, in a transient that has reached its as- 
ymptotic period after the application of reac- 
tivity in excess of the prompt critical, the 
power rise will be stopped temporarily if the 
reactivity is reduced to that corresponding to 
prompt criticality. 
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Fig. IV-2 General variation of maximum power, 
energy release, and reactivity compensation with re- 
ciprocal period in self-limiting SPERT type tran- 
sients,'4 


In the case of a transient involving con- 
siderably less reactivity and having a con- 
siderably longer minimum period, a reactivity 
reduction sufficient to terminate the power rise 
may result from relatively modest temperature 
increases in the reactor water and the fuel 
elements; so the power excursion may be ter- 
minated without a boiling of the water. Both 
types of transients have been observed many 
times in the SPERT program. If, in the in- 
vestigation of a series of transients, a range of 
exponential periods is covered by varying the 
applied excess reactivity from test to test, a 
plot of the logarithm of the maximum power 
reached versus the logarithm of the reciprocal 
of the minimum period reached will show two 
distinct relations, one holding inthe long-period 
range and the other holding in the range of 
short exponential periods. Roughly speaking, 
the transients in the long-period range are 
terminated without appreciable boiling, whereas 
boiling is the important shutdown agency in the 
short-period range; however, the break in the 
maximum power-period relation does not occur 
at the period where boiling first becomes im- 
portant but, generally, at a somewhat longer 
period. The general nature of this variation is 
illustrated in Fig. IV-2, which also shows 
characteristic variations of the total energy 
produced during such excursions and of the 
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amount of reactivity removed (compensated) 
during the power excursion by the inherent shut- 
down processes, The transition from one type 
of shutdown to the other usually occurs at a 
value of minimum period in the neighborhood of 
that corresponding to prompt criticality, but 
the transition point varies somewhat from re- 
actor to reactor. 

The shutdown processes for both regimes 
described above are understood in principle, 
but, for an arbitrary reactor design, it is not 
yet possible to predict the behavior quantita- 
tively in either regime. Much of the SPERT 
effort is directed toward supplying information 
upon which such predictions may be based. 

The recent paper by Miller*! reports direct 
and detailed observations on the boiling process 
at the fuel-plate surface. The observations 
were made on special fuel plates installed in 
the SPERT-I reactor. The plates were essen- 
tially the same as the normal SPERT-I plates, 
each consisting of aluminum-U?*> “meat’’ which 
was 20 mils thick and which was clad with 
15-mil aluminum. The plates were, however, 
small (1 in. wide by 5 in. long), and the U7 
loading per unit of plate surface was higher 
than normal. An assembly of three such plates 
was installed in a capsule (Fig. IV-3) in a 
“water hole’’ or “flux trap’? in the SPERT-I 
core. Surface thermocouples were attached to 
one of the outer plates of the assembly, and, 
through a window that was provided in the 
closed capsule, a camera and periscope were 
used to take motion pictures of the thermo- 
coupled plate surface. A description of the cap- 
sule and the record of one of the early runs 
are given in reference 4. 

The reactor power and the experimental fuel- 
plate surface temperature are shown as func- 
tions of time in Fig. IV-4 during a power ex- 
cursion period of 10 msec, at atmospheric 
pressure and with an initial temperature of 
20°C. It is important to recognize the funda- 
mental difference between this set of curves 
and the “typical’’ curves given in Fig. IV-1. In 
the case of Fig. IV-1, it is the boiling at the 
plate surfaces that causes the termination of 
the power excursion, whereas, in the case of 
Fig. IV-4, the experimental fuel plates con- 





*Mr. Miller has kindly supplied the illustrations 
from his paper for reproduction here as Figs. IV-3 to 
IV-6. 
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Fig. IV-3 Experimental fuel plates in capsule.} 
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Fig. IV-4 Surface temperature on experimental fuel 
plate in SPERT-I reactor during a power excursion.! 
Initial temperature, 20°C; atmospheric pressure; ex- 
ponential period of power increase, 10 msec. 


stitute too small a fraction of the reactor core 
to produce any noticeable shutdown effect. 
Moreover, the higher U?*> concentration in the 
experimental plates (and the location of these 
plates in a “flux trap’’) causes their rate of 
power generation, per unit of surface area, to 
be considerably higher than that of the regular 
fuel plates. Thus the peak temperatures ex- 
hibited by the experimental plates are probably 
considerably higher than those experienced by 
the regular plates during the transient. Inother 
words, for this test, the reactor power excur- 
sion serves only as a means of heating the 





25 


experimental plates at typical rates and in a 
typical environment. 

During the early part of the transient (Fig. 
IV-4), the loss of heat from the fuel plate oc- 
curs only by thermal conduction to the sur- 
rounding water. The rate of loss is small rela- 
tive to the rate of power generation, and, 
moreover, is a linear function of the tempera- 
ture difference; consequently the temperature 
rise of the plate surface increases exponen- 
tially, as does the power generation. This ex- 
ponential increase persists well beyond the 
time (/,) when the plate surface temperature 
reaches the saturation temperature ofthe water. 
At some later time (/,), a sharp change of slope 
occurs in the temperature curve, although the 
power is still rising exponentially. This evi- 
dently marks the point at which the plate begins 
to transfer heat rather rapidly to the water by 
steam formation. It is also the point at which 
one would expect to note the beginning of rapid 
reactivity reduction if the plate were a typical 
reactor fuel plate rather than a special (isolat- 
ed) one. At a later time (/;), a further de- 
crease in the rate of temperature rise occurs. 
This decrease evidently represents a very high 
rate of boiling heat transfer, since the surface 
temperature actually decreases slightly, even 
though power is being generated in the plate at 
a rate of some 6 million Btu/(hr)(sq ft of plate 
surface) (Fig. IV-4). This period is evidently 
one of very rapid nucleate boiling, just before 
steam blanketing of the plate surface occurs. 
Shortly thereafter the surface temperature be- 
gins to rise rapidly, and the plate would, no 
doubt, have burned out if the reactor power ex- 
cursion had not terminated itself. 

Figure IV-5 shows four selected frames from 
the high-speed motion picture of the fuel-plate 
surface during the transient of Fig. IV-4. No 
boiling is observed by the camera prior to the 
time /, (Fig. IV-4), which is when the first 
break in the surface temperature curve is 
recorded, At/, the initial phase of boiling be- 
gins, characterized by bubbles of very short 
lifetime, which grow from random nucleation 
centers. Partaof Fig. IV-5 corresponds to 
this initial phase. The bubbles seen during this 
phase are relatively small and appear to be flat 
in profile. After about 5 msec of this initial 
phase, boiling appears to be momentarily sup- 
pressed, This condition is shown in part 0 of 
Fig. IV-5. A few milliseconds later bubbles 
appear all over the plate, especially in pre- 
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Fig. IV-5 Steam formation’ at surface of experimental fuel plate in SPERT-I reactor. Individual 
frames from a high-speed motion picture. 


ferred positions, such as near the thermo- 
couples (see part c of Fig. IV-5). About 1 msec 
after the stage recorded in part c of Fig. IV-5, 
the individual bubbles coalesce and a vapor 
blanket covers the surface of the plate, as 
shown in partd of Fig. IV-5. With reference 
to Fig. IV-4, bubble suppression occurs a few 
milliseconds before ¢; and a subsequent rapid 
bubble growth rate at/,, The beginning of the 
surface temperature rise, after the minimum 
in the curve of Fig. IV-4, occurs at about the 
time of vapor blanketing, The suppression of 
bubbles after the initial nucleate-boiling phase 
is an interesting phenomenon and one that may 
have some importance to the understanding of 


reactor shutdown by steam, Ithasbeenobserved 
previously in out-of-pile experiments at the 
University of California, reported at the Octo- 
ber 1960 conference on reactor kinetics at Sun 
Valley (reviewed in the March 1961 issue of 
Power Reactor Technology, Vol. 4, No. 2, page 
27). 

As has been mentioned, the surface tempera- 
ture record and the motion pictures show that 
boiling does not begin until some time after the 
surface temperature has reached the ambient 
saturation value. This delay may be regarded 
either as a time lag or as a temperature over- 
shoot. In either case the two quantities would 
be expected to be interdependent. In Fig. IV-6 
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Fig. IV-6 Temperature overshoot (surface tempera- 
ture at which boiling begins minus saturation tem- 
perature) as a function of the reciprocal of the mini- 
mum exponential period.! 


the temperature overshoot has been plotted, for 
a number of transients at atmospheric pres- 
sure, as a function of the reciprocal period of 
the transient. The scatter of the data is not 
surprising, since nucleation appears to be a 
random process and since the observations of 
boiling were made in very localized areas. The 
reference’ points out that, if the trend of peak 
values indicated by the line in Fig. IV-6 were 
to continue, the overshoot would remain below 
100°C until extremely short periods are attained. 
It is observed in the reference, however, that, 
for overshoots much above about 50°C, an 
initial phase of boiling would no longer be ex- 
pected, but bubble nucleation would occur with 
such a density that vapor blanketing would set 
in almost immediately. Reference 1 also states 
that some evidence of this has been observed in 
a test for which the minimum exponential 
period was 7 msec. 

These direct observations of the details of 
transient boiling should prove very useful for 
developing the understanding of the reactor- 
shutdown mechanism. The results to date are 
preliminary and do not include the records of 
pressure variation and water displacement that 
are measured by transducers on the experi- 
mental capsule. Such information will also be 
highly interesting. 

The remainder of this review will cover 


some of the results that are reported in recent 
SPERT quarterly technical reports.’-* It is 
possible to cover here only the conceptual as- 
pects of the results. A considerable body of 
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useful detailed data will be found in the reports 
themselves. 

Reference 3 reports an initial series of step 
transient tests with the SPERT-III reactor to 
investigate the effect of pressurization of the 
reactor water when the water is stagnant and at 
an initial temperature of approximately 30°C. 
Reference 5 contains further data on the same 
subject. Tests were made at pressures up to 
2500 psi with the system liquid-full and with a 
7-cu ft air dome in the top of the reactor ves- 
sel. From initial examination of the data, no 
significant differences in transient behavior 
could be attributed to this difference. Although 
the pressurization produced differences in the 
behavior (relative to that at atmospheric pres- 
sure), it was concluded that the pressurization 
does not significantly affect the ability of the 
system to safely withstand step insertions of 
reactivity up to about 1 dollar and 25cents. 

When transients are run with the reactor 
water at an initial temperature of 30°C and 
with a pressurization of 2500 psi, the water 
temperature corresponds to a subcooling of 
about 320°C below the boiling point. Before 
shutdown can occur by steam formation, suf- 
ficient energy must be produced by the power 
excursion to heat the plate surfaces to the boil- 
ing point. Thus it can be expected that the 
energy production will be greater in the pres- 
surized case for an excursion of a givenperiod, 
provided shutdown is by steam formation, It 
can also be expected that shutdown without 
steam formation will persist to considerably 
shorter periods in the pressurized than in the 
unpressurized case. 

These expectations are borne out by the ex- 
periments; specifically, reference 5 states: 


For power excursions with initial asymptotic 
periods longer than about 40 msec, where boiling 
does not occur prior to the power maximum at 
atmospheric pressure, elevation ofthe system pres- 
sure has no effect on the power burst behavior, as 
would be expected. For shorter period tests, the 
effect of elevated system pressure was to increase 
the maximum power of the burst by about 30 per 
cent with most of the change occurring in the first 
50 psi of pressure increase. The time of occur- 
rence of the power peak was slightly delayed and 
the burst was slightly broadened. 


Reference 3 states that the total effect of the 
increase in maximum power and the broadening 
of the peak of the power excursion is to in- 
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crease the energy release, up to the time of 
peak power, by almost a factor of 2. 

Figure IV-7 gives reproductions of the rec- 
ords of power, fuel-plate surface temperature, 
and transient pressure (as functions of time) 
for a pressurized and an unpressurized ex- 
cursion, both having a minimum period of 
11 msec. It is evident that the peak power and 
the total energy in the pressurized excursion 
were substantially greater than in the unpres- 
surized excursion and that the fuel-plate sur- 
face (in the pressurized case) reached a rather 
high temperature. It can also be seen that in 
the pressurized case the surface temperature 
had not reached the saturation value (approxi- 
mately 350°C) by the time the power rise had 
been checked. The surface temperature did 
reach the saturation value shortly thereafter, 
but it continued to rise until the power had 
dropped to something like 2 per cent of its peak 
value. This indicates that the transfer of heat 
to the water (by boiling) is rather slow under 
these conditions. Reference 5 attributes the 
poor heat transfer to the fact that the tempera- 
ture of the water near the fuel plates is above 
the critical temperature (374°C). For excur- 
sions of the 1l-msec period, the maximum 
fuel-plate surface temperature exceeded the 
critical temperature for all degrees of pres- 
surization above about 2000 psi. The reference 
shows that, if maximum surface temperature is 
plotted as a function of pressure for such ex- 
cursions, there is a sharp upward break in the 
curve at about 2000 psi. It also presents rec- 
ords of individual power excursions which show 
that there is a marked change in the shape of 
the surface temperature-time curve when the 
pressurization is increased from 1900 to 2500 
psi. 

References 4 and 5 report measurements on 
the SPERT-III reactor to investigate the effect 
of coolant-flow velocity on the transient be- 
havior. The tests covered a range of water 
velocities from 0 to 18 ft/sec, and all were 
initiated at approximately 30°C by step inputs 
of reactivity from low initial power levels. 

It was found that, for cases in which the 
minimum period was greater than about 100 
msec, the flow velocity of 18 ft/sec eliminated 
the occurrence of an initial power peak. Insuch 
cases the reactor power rose monotonically to 
an equilibrium level which increased with in- 
creasing flow rate. For such excursions the 
temperature rise of the hottest measured fuel- 


plate surface decreased as flow velocity was 
increased. 


For power excursions with minimum periods 
less than about 50 msec, it was found that flow 
velocity (up to the highest tested) did not pro- 
duce significant changes in the initial power 
peak, The equilibrium power level that was 
reached after the initial burst was approxi- 
mately proportional to the flow rate, as might 
be expected. The maximum temperature 
reached by the hottest measured fuel-plate sur- 
face decreased with increasing flow velocity, 
even though the peak power did not change ap- 
preciably. The reference points out that for 
the short-period experiments, the coolant moves 
only a few inches in a time equal to one ex- 
ponential period, even when the flow velocity is 
as high as 18 ft/sec. Thus the effect of ve- 
locity, during the initial power excursion, must 
be one of local mixing and transport of coolant 
rather than one of gross transport. Figure IV-8 
shows time records of the power and the fuel- 
plate surface temperature during transients 
initiated by 20-msec periods, for two different 
flow conditions and two different pressures. 
The two flow velocities used were 0 and 18 ft/ 
sec, and the two pressures were 230 and 2500 
psi. The difference in pressurization produced 
little difference in the shapes of the power 
curves; consequently no distinction is made be- 
tween pressures in the power curves in the 
figure. For the no-flow condition, the fuel- 
plate surface temperature did not reach the 
saturation point (approximately 200 and 350°C 
for 230 and 2500 psi, respectively) by the time 
the power had gone through its maximum. The 
surface temperature ultimately exceeded the 
saturation temperature in the 230-psi case but 
not in the 2500-psi case. The effect of coolant 
flow was to reduce the surface temperatures 
for both cases to approximately the same value, 
a value well below the saturation temperature. 
The effect on power was small until after the 
initial peak was passed, 


Reference 5 also shows a record of an ex- 
cursion with a minimum period of approximately 
9.7 msec, at a pressure of 2500 psi, and with a 
flow velocity of 18 ft/sec. The effect of the 
coolant flow was to reduce the fuel-plate sur- 
face temperature fairly rapidly after the peak 
temperature had been reached (e.g., in contrast 
to the rather slow cooling of the plate exhibited 
in Fig. IV-7 when there was no flow), although 
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Fig. IV-7 Reactor power, fuel-plate surface temperature, and transient pressure for 11-msec 
room-temperature step transients at atmospheric pressure and 2500 psi, in SPERT-III reactor.® 
(A), transient pressures. (B), temperatures. (C), power. 
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Fig. IV-8 The effect’ of coolant flow on reactor power and fuel-plate surface temperature for 20- 
msec tests at 230 and 2500 psi, in SPERT-III reactor. (A), 18 ft/sec. (B), fuel-plate surface tem- 
peratures. (C), power. (D), no flow. 
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reciprocal period for SPERT-III reactor ramp tests.° 
...,step transients (no flow, atmospheric pressure). 
@®, ramp transients (no flow, atmospheric pressure). 
@, ramp transient (20,000 gal/min, 2500 psig). 


the peak value of the temperature was not af- 
fected strongly. 


Reference 6 reports further work to compare 
the characteristics of transients initiated by 
step reactivity increases with those initiated by 
ramp increases. These tests on the SPERT-III 
reactor substantiate the earlier conclusionfrom 
SPERT-I tests that the significant power be- 
havior for ramp-induced and step-induced bursts 
will be quite similar if the two are compared at 
equal values of the minimum exponential period. 
Figure IV-9 shows, as an example, curves of 
maximum reactor power as a function of maxi- 
mum reciprocal period for step transients and 
ramp transients in the SPERT-III reactor. The 
ramp transients included reactivity addition 
rates of 18, 35, and 53 cents/sec from vari- 
ous initial power levels. A single case of a 
ramp experiment at 2500 psig, with a coolant 
flow of 20,000 gal/min, is also included. 


The fact that the difference between the ramp 
results and the step results is small is of con- 
siderable practical importance. On the one 
hand it considerably reduced the number of 
cases that must be investigated experimentally. 
On the other hand, in the theoretical application 
of the results, it allowed the most transient 
problems to be split into two parts; one of these, 
the determination of the minimum period, in- 
volved only the kinetics of the neutron chain 
reaction, whereas the other, the determination 
of the shutdown process, involved the chain re- 


action kinetics only in the simplest possible 
way. 

Reference 6 also reports the first power- 
excursion tests with D,O as moderator and 
coolant in the SPERT-II reactor. The core for 
these tests was made up of square plate type 
fuel assemblies, spaced rather widely from 
each other, which is the common practice in 
D,O-moderated research reactors. The core 
configuration is shown in diagram in Fig. IV- 
10, and the core characteristics are given in 
Table IV-1. The tests were made with step 
reactivity insertions, at atmospheric pressure, 
with an initial water temperature of about 20°C, 
and with no forced coolant flow. The results of 
the peak power measurements are given as a 
function of reciprocal period in Fig. IV-11. For 
comparison, a curve for the H,O-moderated 
B-12/64 core in SPERT-I is included. The 
characteristics of this core are also given in 
Table IV-1. 

The behavior of the D,O-moderated core ap- 
pears to be as expected. The major difference 
between this core and the H,O-moderated core 
is a considerably longer prompt-neutron life- 
time in the D,O case, This means that the 
amount of excess reactivity required to pro- 
duce a given exponential period is greater for 
the D,O reactor, and therefore the amount of 
reactivity that must be removed to terminate a 
power excursion of given period is also greater 
for the D,O case. In two reactors having all 
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Fig. IV-10 SPERT-II reactor D,O-core configura- 
tion.® 


REACTOR DYNAMICS: RECENT SPERT RESULTS 


Table IV-1 CHARACTERISTICS OF BD-22/24 AND B-12/64 SPERT CORES*+>>14 











BD-22/24 B-12/64 

Moderator D,O H,0 
No. of fuel assemblies 24 64 
Approximate assembly size 3 by 3 in. 3 by 3 in. 
Assembly spacing See Fig. IV-10 Close packed 
No. of fuel plates per assembly 22 12 
Fuel-plate material u*55_ al meat u*55_ al meat 

+ Al clad + Al clad 
Fuel-plate thickness 0.060 in. 0.060 in. 
Coolant-channel thickness Approximately 0.08 in. 0.190 in. 
Total fuel plates in core 528 768 
Total U*5 in core 3.7 kg 5.4 kg 


Temperature coefficient of 
reactivity 
Void coefficient of reactivity 


1/B (eff) 


—2.0 cents/°F at 80°F; 
—4.4 cents/°F at 300°F 
-1.6 x 107 to 
—2.6 x 107? cents/cm!, 
depending on 
position 
0.11 sec 


—1.0 cent/°F at 68°F; 
—1.1 cents/°F at 203°F 

+0.8 x 107 cents /em® 
(central); 
—0.93 x 107? cents /em® 
(average) 

0.011 sec 
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Fig. IV-11 Peak power vs. reciprocal period for 
SPERT-II BD-22/24 core (D,O moderated) and 
SPERT-I B-12/64 core (H,O moderated).® Step tran- 
sients, from room temperature, unpressurized. (A) 
SPERT-I B-12/64 core. (B), SPERT-II D-22/24 core. 


other characteristics but the neutron lifetime 
equal, the reactor with the longer neutron life- 
time is expected to terminate an excursion of 
given excess reactivity with greater ease than 
the short-lifetime reactor, but the termination 
of an excursion of given period would be more 
difficult with the reactor with the longer neutron 
lifetime than with the short-lifetime reactor. 
Aside from their practical usefulness, these 
experiments with D,O moderation add consider- 
ably to the basic knowledge of transient be- 
havior because they provide the means of 


separating one of the pertinent variables 
(prompt-neutron lifetime) which is not other- 
wise easily separated. 
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V 





Comparison 
of Containment Designs 


An economic and technical evaluation study of 
containment designs was completed in May 1961 
by Sargent & Lundy, Engineers. The study,' per- 
formed under an AEC contract, was focused on 
reactor-containment designs that are being uti- 
lized for several power plants now under con- 
struction, 

The report of the study covers assumptions, 
design calculation methods, types of construc- 
tion, and cost estimates for four containment 
concepts. The four containment concepts and 
their characteristics, as defined for the study, 
are as follows: 

1. Standard Containment, The “standard” 
containment concept encloses the reactor proper 
(the complete primary system in the case of an 
indirect-cycle reactor) by an airtight steel con- 
tainment vessel. The turbine-generator units 
and accessory equipment such as compressors 
and service-water pumps for both the direct- 
and indirect-cycle designs are located outside 
the standard containment structure; therefore 
the use of isolating valves for steam and water 
lines penetrating the containment shell is re- 
quired. Containment pressures may range from 
16 to 60 psig. 

2. Pressure-Relief Containment. With this 
system no attempt is made to contain <1] the 
primary coolant released from an accidental 
pipe rupture. The initial pressure buildup is 
limited to 5 psig by venting the building air and 
the flashed steam to the atmosphere following 
an accident. Some of the activated corrosion 
products in the primary water, and any fission 
products in the primary water at the time of 
rupture, may be discharged to the atmosphere, 
This scheme depends on the pressure-actuated 
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breaking of a glass diaphragm in alarge atmos- 
pheric relief duct to relieve the initial pressure 
peak. A “dousing” system is used to spray in- 
side the building to suppress the pressure rise 
due to steam produced. The large relief duct in- 
cludes an isolation valve that is then closed. 
This design has been approved for use with the 
Canadian NPD-2 reactor plant. 

3. Pressure-Suppression Containment,* This 
system employs a small containment structure, 
or dry well, that is nominally gastight, to house 
the reactor and part of the primary system. The 
dry well is vented to a pool of water which acts 
as a condensing heat sink, The reactor auxilia- 
ries are placed outside the dry-well contain- 
ment volume, and reliable isolation valves are 
placed in lines leading from the reactor to the 
auxiliary systems. The lines to the auxiliaries 
are too small to allow rapid leakage of primary 
water in case of a break; therefore these isola- 





*The Pacific Gas and Electric Company has been 
granted approval by the Advisory Committee on Re- 
actor Safeguards (ACRS) to use this type of contain- 
ment in construction of their Humboldt Bay reactor 
plant; the SM-1A also incorporates this concept. A 
communication from G, I. Staber, AMF Atomics Can- 
ada Limited, dated June 7, 1961, calls attention to the 
fact that a concept of power suppression was used in 
the early design of a plant for the Elk River project. 
The concept is shown schematically in Fig. V-l, 
which is reprinted here by permission from Power. 
As shown in the figure, the rupture disk in the con- 
tainment vent leading from the reactor shield tank 
was sized to break at 2 psig; therefore the shield tank 
was isolated from the rest of the system to prevent 
argon contamination during normal operation. The 
blowdown quench tank, shown in Fig. V-1, was con- 
nected to the pressure vessel through a safety valve 
and was filled with water and tower packing material 
to quench the discharged steam. Another safety valve 
served to limit the blowdown quench tank pressure to 
5 psig by venting into the containment quench tank. 
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tion valves do not have to be quick-acting. Ex- 
cept for the dependence upon isolation valves to 
isolate any primary break outside the dry well, 
the pressure-suppression scheme offers com- 
plete containment of released coolant and 
fission-product activity. The secondary pres- 
sure container above the suppression pool is the 
final barrier for complete containment. 


/ 
Sump Tank 


Closed-cycle boiling-water reactor plant employing pressure suppression, 


Blowdown Quench Tank 


2 


4, Low-Pressure Containment. This concept, 
as defined by the study,'! consists of a vapor- 
tight containment structure that is large enough 
to prevent containment pressure from exceed- 
ing 5 psig without the aid of pressure suppres- 
sion, building spray, or venting to the atmos- 
phere* and which encloses essentially the entire 
plant. 





*Editor’s Note: Reference 1 states that this is the 
design philosophy applied to the Boiling Nuclear Su- 
perheater (BONUS) reactor plant designed by General 
Nuclear Engineering Corporation for the Puerto Rico 
Water Resources Authority. This is not, however, the 
case. The BONUS design approach is one of *‘ total 
containment,’’ which utilizes a building just large 
enough to house the entire reactor plant, including 
primary system, auxiliary systems, turbine-generator 
unit, condenser, and other facilities such as the con- 
trol room, shops, laboratory, fuel storage, etc., that 
are considered to be more conveniently located under 
one roof than in separate areas. This customized 
building has a volume much larger than the volume of 
a ‘‘standard’’ containment building, and the maximum 
pressure is therefore low; the design approach does 
not involve sizing the building to meet any prese- 


lected pressure criterion. The BONUS plant itself 
has a pressure-suppression system to further reduce 
the pressure and to provide a higher degree of safety 
to operating personnel. No credit, however, is taken 
in the containment-structure design for a pressure 
reduction by this pool because the ACRS had not ac- 
cepted pressure suppression as an established art at 
the time the BONUS containment building was de- 
signed. The maximum pressure, without suppression, 
is below 5 psig. The entire plant is within the con- 
tainment structure, affording many simplifications in 
plant design, such as reduction in pipe runs, in the 
number of cranes required, in the number of isolation 
valves required (isolation valves are only needed for 
the ventilation ducts and not in the piping systems), 
and in the elimination of long control cables and 
seals. 
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From the various containment vessels evalu- 
ated,' three different reactor plants were chosen 
as the basis for design. The reactors selected 
were as follows: 

1. A 44-Mw(e) boiling-water, natural-circu- 
lation, direct-cycle reactor. 

2. A 180-Mw(e) boiling-water, forced-circu- 
lation, dual-cycle reactor. 

3. A 300-Mw(e) boiling-water, forced-circu- 
lation, dual-cycle reactor. 


By use of the conventional containment as a 
base for cost comparison, the results indicated 
that pressure relief resulted in a savings of 
from 16 to 23 dollars/kw. Pressure suppression 
gave an indicated saving of about 13 dollars/kw 
for the 44-Mw/(e) plant. No economic advantage 
was realized from pressure suppression for the 
two larger plants; in fact the large volume re- 
quired to house the reactor primary system re- 
sulted in a cost penalty. Low-pressure contain- 
ment was at an economic disadvantage for ali 
three reactor plants. Quoting reference 1: 


For the specific plants selected, the coolant in- 
ventory was relatively high, which resulted in very 
large containment structures. As a result, building 
space is not utilized efficiently and, for these par- 
ticular plants, low-pressure containment is not 
economically feasible. Low-pressure containment 
can best be adapted to plants having a low acciden- 
tal energy release relative to reactor power as is 
the case with some of the more advanced reactor 
cycles, including those having integral nuclear su- 
perheat. 


Obviously the four types of containment con- 
sidered show economic differences that, insome 
cases, involve judgments as to what is accept- 
ably safe, and, in other cases, result from arbi- 
trary definitions and from arbitrarily selected 
applications. The pressure relief-to-atmos- 
phere approach, for example, must certainly re- 
sult in a more economical containment vessel 
than one based on a criterion that does not al- 
low atinospheric relief or credit for pressure 
suppression afforded by a building spray sys- 
tem. It is also evident without analysis that low- 
pressure containment must become expensive 
if the building, in order to meet an arbitrarily 
selected 5-psig requirement, must be expanded 
to a size larger than that needed to house the 
entire reactor plant. The economic penalty for 
such an arbitrarily oversized building must 
eliminate this design approach as a possibility 
for large power-reactor plants. Wasted contain- 
ment volume becomes enormous if, for exam- 





ple, the containment vessel must be sized to 
completely contain the flashed primary system 
water from a dual-cycle boiling-water reactor 
(which, in comparison with other types of boiling- 
water reactors, has a very large inventory of 
hot water) at a pressure no greater than 5 psig. 
Finally, as indicated in the quotation above, the 
results of the analysis depend strongly on the 
reactor type for which the analysis is made. 
Quite obviously, for example, pressure suppres- 
sion is more practical for a reactor design with 
a compact primary coolant system, such as that 
required for a direct-cycle boiling-water reac- 
tor, than it is for a dual-cycle plant with large 
forced-circulation loops and steam generators 
that must be enclosed in the dry well. The dry 
well becomes, for the latter case, alarge, rela- 
tively low-pressure vessel. 

It is suspected that the question of contain- 
ment is hard to answer by generalized economic 
analyses. Undoubtedly the containment system 
will continue to be a part of the plant in which 
the shrewd designer will be able to reduce costs 
by optimizing for his particular case. His basic 
design decision must be the choice of how much 
of the total plant will be placed inside the con- 
tainment structure. In arriving at this decision, 
and in implementing it, he will take advantage 
of any schemes for reducing the demands onthe 
containment structure which are acceptably safe 
and which have advantages for his particular 
design. It seems certain that pressure suppres- 
sion and pressure relief are schemes that would 
have economic advantages in many cases. 


Blast Resistance of Reactor - 
Containment Structures 


An investigation of the effectiveness of lining 
materials in increasing the resistance of a simu- 
lated containment-building vessel to shock was 
conducted at Aberdeen Proving Ground in Mary- 
land.® Although the majority of the contempo- 
rary containment-building shells do not incor- 
porate special provisions for reduction of shock 
waves resulting from internal explosions, in- 
formation concerning blast resistance of con- 
tainment shells is of interest because of (1) pos- 
sible future changes in containment design needs 
and (2) evaluation of existing designs relative to 
postulated accidents, 

A chemical energy source was used to simu- 
late the explosion resulting from a reactor ex- 
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cursion or accident; a 5-ft-diameter, '/-in.- 
thick spherical steel shell simulated the reactor- 
containment-building shell, This spherical shell, 
made of two separable hemispheres, was lined 
with various materials, and, by the use of strain 
gauges, comparisons were made of the relative 
effectiveness of these materials in reducing the 
shell strain, Tests were also run with no lining 
material in the sphere. 

The shell was suspended from a wooden frame- 
work and was subjected to internal transient 
loadings from centrally located explosive 
charges. Strain-time histories were measured 
through seven SR-4, type A, strain gauges 
mounted at seven locations on the shell exterior 
surface. The charges, weighing either '/,, or ', 
lb, were lowered through a 5-in. hole at the top 
of the shell (which was not sealed during the 
tests). The charge was suspended at the mid- 
point and then detonated. Strain-time histories 
were recorded with a high-frequency-response, 
16-channel, commercial recording system. Five 
trials with each of the two charge weights were 
performed for each sample material. 

The following choice of lining materials se- 
lected for the tests was based on earlier tests 
of shock-absorbing materials: 

1. 1-in. felt, density 0.006 lb/cu in. 

2. 1-in. sponge rubber, density 0.004 1b/cuin. 

3. l-in. Fiberglas, density 0.0004 lb/cu in. 


The test results show that not more than four 
vibration modes were observed and that the am- 
plitude of a single mode usually predominated, 
Although the lining material did not alter the 
vibration frequency, the oscillations were 
damped out much faster when the lining mate- 
rials were used. Peak strains generated in the 


shells lined with felt or sponge rubber were ap- 
proximately one-half those recorded with the 
same shell when unlined. Fiberglas was found 
to be relatively ineffective as a shock absorber. 

Table V-1 records averages of the peak strains 
recorded, 


Table V-1 RESULTS OF EXPERIMENTS® 





Av. peak strain x 108 





Lining material 4,-lb charge  '4-Ib charge 





No lining 760 1100 
Felt 400 580 
Sponge rubber 440 700 
Fiberglas 800 1300 





The tests serve as a means of evaluating the 
magnitude of shock attenuation that may be ex- 
pected through use of the tested materials as 
liners for reactor-containment-building shells. 
Whether special provision for shock absorption 
is necessary is dependent upon the characteris- 
tics of the maximum credible accident for the 
specific reactor involved. 
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NUCLEAR INSTRUMENTATION 


VI SYSTEMS 





The nuclear instrumentation system for opera- 
tional control of a power reactor is one of the 
component systems in which a degree of stand- 
ardization may be expected. The information 
handled by the system is much the same, re- 
gardless of reactor type, even though the de- 
mands on the system may vary to some extent 
with reactor type. At the same time, the selec- 
tion and layout of the system is subject toa 
good deal of variation from designer to Jesigner 
because it is not easy to arrive at a1 useful 
standard definition of what constitutes an ade- 
quate system. In a situation of this kind, it is 
particularly useful for the reactor designer to 
be aware of past and present designpractice. A 
survey is presented below of nuclear operating- 
instrument systems on a number of U. S. reac- 
tors either in service or soontogointo service. 

Figures VI-1 to VI-13 are block diagrams of 
13 different reactor systems, and Table VI-1 
summarizes the salient features of these sys- 
tems. Most of the information was taken from 
hazards summary reports. Some changes may 
have been made in some of the systems after 
publication of the summary reports, but, never- 
theless, it is felt that the table and figures re- 
flect design practice in the United States. 

It is shown in Table VI-1 that the total num- 
ber of detector channels varies froma minimum 
of 5 to a maximum of 25, The Shippingport sys- 
tem is a unique design with only four channels. 
Each of these channels has, however, one BF, 
chamber and one compensated ion chamber as 
neutron detectors, and thus the nuclear instru- 
mentation system is an eight-detector system. 

It is shown in column 2 of Table VI-1 that by 
far the most popular source range detector is 
the BF; chamber. Although fission chambers 
are generally conceded to offer better gamma- 
ray discrimination and superior ruggedness, 
the BF; chamber, with its superior sensitivity, 


is selected more frequently. In the interme- 
diate- or period-range channels (see column 3), 
the cumpensatea ion chamber (CIC) 1s used 
witnout exception. This usage, of course, stems 
from the ability of detectors of this type to dis- 
criminate against gamma rays and to cover a 
range of approximately eight decades of varia- 
tion in neutron flux. 

Much less consistency is evident inthe selec- 
tion of detectors for the power-range channels. 
For this application, common practice is about 
equally divided between the use of compensated 
and uncompensated ion chambers. In one case, 
two fission chambers are used as power-range 
detectors for protection against excessive power 
level. A number of factors contribute to the 
choice between the compensated and the uncom- 
pensated chamber for this application; some of 
the factors are as follows: 

1. The cost of the uncompensated chamber is 
usually less than that of the compensated cham- 
ber. 

2. The uncompensated chamber requires only 
a single voltage supply, and thus has a further 
cost advantage. 

3. The compensated chamber can give ac- 
curate neutron-flux measurements over a range 
as great as eight decades, whereas the uncom- 
pensated chamber may give inaccurate neutron- 
flux measurements at reduced power levels. 
(The importance of this phenomenon depends 
upon the ratio of decay gammas to neutrons at 
the detector location and upon the sensitivity of 
the chamber to gamma rays.) 

4. Owing to the invariable use of compensated 
ion chambers for detecting period information, 
consistent use of CIC’s for both ranges reduces 
the amount and diversity of spare equipment 
that must be kept on hand. 


Another area in which a divergence exists in 
design concepts is that of measuring and using 


(Text continues on page 52.) 37 








38 











































































































































































































































































































| Flux-Time Integrator } 
PA 
ae carmen 
Power Range 
Flux-Time Recorder|F™ 1. Reactor 
Power and 
Jack Board Temperature 
bai A BC OF-T Control System 
: pretsecsenccqecampotWescecsscececcs oe = 
. Pee Channel A Only is Shown 
: B, C, and D identical Se 
: Channel A Hd: sanaaniin elauaaaa ttm 00.0 
: Recorder — To Reactor : Source Range 
F Protection Log Level 
: ZF > System 4000 AC ¥ 
: a Source Range H 
: h Power Range — Startup Rate i 
+e eo paenestlmconceil TK ee 
i = FS To Reactor Power and sormamate Range if: 
: s : Temperature Control ne goal a | cp Len ton 
S gods seis ig ® System maa . Lees O fo) © A= fine at dem at am 
: | non 4 : ° 1 vY rY A Intermediate Range H { | 
Hi 5 Intermediate Range p\*<*«ssdeccseces { E Startup Rate : i i 
l] Log- Microammeter [be a 2 as a ae afm ae oe od P0000 : | 
- Power Range 8 1 
Intermediate Range Linear Level i 
b4 Low Voltage mO 000 
Power Supply Flux-Time \ | 4 A i" \ 
. a 
Source Range aa Linear Level ' il 
i Log- Microammeter Do Signal Oper. Unit ; i] 
5 
e Source Range Pi - B . 8 i 
apiser Pulse Integrator i H ! 
Source Range [i x ee 4 : i 
Low Voltage ” vy Selector : | | 
Power Supply ~ i 
Source Range 8 | | 
Proportional Counter j4 Auctioneer > 7 i 
P Suppl ~~ iefes am mm ame 
mr nthanint td Intermediate Range [J*- pron am i J 
Auctioneer | ee ee 
Intermediate Range page= == == _ J | 
a r Startup Rate —— 3 4 | 
o_o a onnce sine iahaians Coincidence { : j 
Console— Reactor Section LUC i ‘ 
Source Range Inter. Range | Power Range i Single | : 
~ = pe ae 
C.P.S. * Amperes % Power ; : I 
Seeceesaseseeseeesesssesesstseseseeere: diessssesesenasesese 
q Source Range Intermediate Range . + 
Startup Rate Startup Rate a ne 
Protection : 
7 System 
eee a oy 
Removes Rate i —— 
Protection in se . t 8, C iat | 
Pull-out Position | a © p Avct- AD Av 
season, Ae aes 1 
—y- —S 
To Reactor prninut } een een eS ied weep aem ee aencemenm eon comm alll 
Protection System 
Legend 
mmnnnn 1 Source Startup Rate oom 5 Power Range Signals 
—<—<—= 2 Intermediate Startup Rate ems & Control Signals (Switch Contacts) 
3 Source Range Signals reooooeccccccco FZ Power Lines 


seeccecece 4 Intermediate Range Signals 


Fig. VI-1 Block diagram! ofnuclear instrumentation system, Shippingport Pressurized-Water 
Reactor (PWR). 








2 10jovaI doyUBA ‘UI9}SAS UOT}E}USUINA}SUT IveTONU JO WIRIZeIpP YOoT 





























Z-IA “Std 


("91993 Gi) LOW-12 O44, jousyduy: 



























































































































































































































































































































































































































































jeueg 49] BF 49H9W- di BW 
YrpIMG [024U0D yndynG ebEyjOA YBI-ES'ZS'IS kiddng (40404 %)| > > 
4OmMO}|04 @POyFDD ~ us ‘ ~ ie 
yey dn-HEIS-  “'YN'S walt FS od 
P400g |044U0>D UID; JO UOI}DeG eUIquny- GOWST doag ene semog yb1H 
P400g ]04;U0D UIOW JO UOI}DeG 4De}INN- GOWSN] BF nS OL 
J@Ubg Wou2g pur WaDdiy - as'v ] @ ON [euueYyD 
19UDg Aspijixny eBuey semog pup dr). 44smyg- doag BAS Jere] apeuly 
puebey 
(@2WSN) P200g jo4yu0D VIEW jo. uo1yppes Jpe)20N) doig BS OL © 
Jeno) semog ybiy co 3! 
| pubis Tepieu | ‘ () LE6ITM 
[9045 #poy ‘pavog j. See eee eis 
| J044U0>) 4 whi toh 
weus pspoq y20r eae) speury 
MK fo pi jpubis 
| 
| 
jpubis € 9007 2 007) bo 
| Avjey 4emog | A\ddng 1s 1 
| eatesimseg | dag BS OL 4emog 
| | O 3! 
jene) s9m0g ybiy 
| | dag BS OY ted O LE69IM 
| I 7 €S wosy —@)—22 pat 
! q o) speury 
| Jeung eBuny s9m0q GON 40402!1puy Oy ©) 
© 
| | GON jeuueyD 
| di PW OL ici a 
; urHMS 4oH>eI8S “UN'S | ] uae 
— #2 
' an 
| (oynul ; soubor! |s2 “UN's gp toy Aiddng s9m0g A") © 219 
og r anren aa ans WV U'N'S!] sepoig 604 bn G) LLE OTM 
‘as ri 
| | dl Bw a aa 40;ewwo022!w 605 be I tt 
| ON 40;09!pUj Ol <e 
| | jeung ejqoy4e! 
| 
1 (tesedwy) (ses0dwy) ! 1$ wosy O 
| [ere ebuny jene ebuvy | dl tw ate ae 30M0}/0. sl 
OpOIpawse,y) O,Dipewseyy | 4 
an 
\ s vy 2140uBDW) [yD UN's’ A\ddng semog ‘A 31D 
| passa : Sa -wn’s | ]dey UN'S!) sepoig 607 LLE9TM 
2 9009 1 7 y jeae] Boy | 7 
| epo1pewsesu; eyDIpewse;u) | dl BW has anatase seyouwpossiW Bo CON 20;091Pe) OL Mi cei 
| 
| 
; | Ajddng semog I Be BY, 
; \ aejun0> 4228UU02819 “A'H 
pouctjsodoag (#91925 -2) 
| | dl ?W ed Tenolied 62g-12 e44, 
: a _ epoyje> joveydury 
| 6 .] pore] 607 “duy| 
| ' as v1— aeusowl js UN's ne 60> | + — eter x0g bujdno> bel, 
| ‘ ay ans | [sv UN'S] | tepoig 6074 Bur6avy> | | |puBis -es1on LOESIM 
1 l 7 jeae) Boy | vi Z°ON jeuuoYyD 
sepsorey josey | se imi ai nici nia: 
kK Sas 
27) uosynen @2un05 =| jaAeq] e240 | jeung ejqoyeig qeang 20888 °K" Zjaeng senna dpig FNS wWosy 
(s/D) (s/3) 1 aejuno #20uuese!g “AH 
| [8d CML) eBoyjon| jene5 19A87 |e6o40A) pros bye A 
| |sepsose; 'H ebuoy e6uny 'H dl TWO 
\ [z] @24n0S e2un0s [u] | \ 49M0}}04 
zs | seins 
| er duy a1yeubow) [yD “UNS hag heey epoig 404 43819 sarjduy ‘ fe 
‘d's'Vv 1s saps, — os], xO) uljdno 
7 Ps00g] |}O.4u05 | ' dup uns MY “YST) sepoig 607 6uibsvys> [7] jpubBlg -e810K) Petit Be @ dex LOESIM 
Se Pet ey Ya eR eS s) [ere Boy ; 
di WO | sejewwposriw 605 J0pDs6e4u] e8ing ee eee 


A\ddng sem0qg A 








40 


LOG MICROAMMETER 





Test 














Bra 10-2 10-* I 





Pulse | Multi Vibrator |Count Rate 











a 0.C.| Period tes Amp. 
Ai t 








Diode 


= tests Level } 


Amp _| Discriminator 


aa 
( 
\ Detector / 





To Safety System 
For Critica 
Measurment Only 


Period Signal 
To Safety System 


















































el-@,. 
Period 


CONTROL CONSOLE 





Log Count Rate 
> ed, 


Switches Select 
Either Channel 











Log Count Rate 














Push Button Switches 








Spring Return 
Except in Normal 
Auctioneer Position 










































































f) Log N 



















































Push Button Switches 
Spring Return to 
Auctioneer Signal 











Period 










































































Push Button Switches 
Spring Return to 
Auctioneer 




















% F.P. 




















Lee 








Note: 
X- Output Available For 
Driving Strip Chart. 


v N- Period 
Test 
2 era >) Pulse |Multi Vibrator |Count Rate Log ee Mag. Amp. } 
Detector/ Amp {Discriminator Diode iode 2 O.C.Amp| Out put STAGE | 
recent aytte” a fig to oad | 
ri o Safety System 
Measurment Only LogN Bacio’ | 
x 
Test | 
3 ( “Fission Pulse |Multi Vibrator |Count Rate Log |p.c] Period Mag. ane 
Chamber Amp [Discriminator Diode Diode|Amp|D.C.Amp} Outp 
My oaths Sele Log Level | (¥) p Period Signal 
Me bse Ont Neip "To Safety System 
easurment nly Log A Period 
Test 
5 (Fission \ [Pulse [Multi Vibrator [Count Rate C]Period| Mag. Amp. 
Chamber Amp | Discriminator | Diode ia. p|0.C.Am Output | 
To Safety System. 
For Critical A Period Signal | 
Messurnent On ecm To Safety System 
y LogN_ Period | 
r | 
o——— =O 4 ee eee , 
5 (Compensated \ 10 ~-10 Amp Log Microammeter f | 
Chamber — Same as Start Up } 
r= - Test 
10! Amp. aoe Safety System | 
[Min. Level For Critical 
a ine ne N Measurment Onl jAuctioneer 
To Safety ] Log Level | 
System | ine 
sii serllillings -10 -4 rai 
Compensated\ 10 ~-{1O0 Amp.” Log Microammeter | 
6 Chamber _/ Same as Start Up  } 
—_ Test Aue? | 
lio Amp. a Safety System eerteyens 
|[Min. Level | For Critical _] Period 
ee 8 a Measurment Only 
To Safety 
System | 1 
/Comperseted [| Cog Microammeter } ‘ 
7 Chamber _/ __Some as Start Up | | 
+ To Safety System | 
est ' ae For Critical | 
107 amp. 4) {9h se Measurmen Oni 
r 
IMip.Leval 2. <i cal aed a 
rip 
To Safet : 
Tost System fOO%F.P] Adj. 
(Gamma t______ 
oan Chamber Linear Mag. Amp.| Bistable Mag. Amp. | Level Trip Amp. 
z To O-—Flow Computer 
Y) To Safety System To Automatic Computer 
% F.P. 
30%F.P] Over 
Trip 
Test Ad 
Uncompensated _—————e 
9 ( areca ai }H{ Linear Mag. Amp. | Bistable Mag. Amp. | Level Trip Amp. } {Auctioneer 
/ ‘o Safet: stem 
() To Safety Syst 
% FP. 
Test 
10 ‘a Uncompensated 
Chamber Liner Mag. Amp. Bistable Mag. Amp. Level Trip Amp. 
if To Safety System 
© 
% FP. 


Fig. VI-3 Block diagram of nuclear instrumentation system, N.S. Savannah reactor.® 
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Fig. VI-4 Block diagram of nuclear instrumentation system, Indian Point reactor.’ (a) startup 
group. (b), intermediate-range group. (c), power-range group. 
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Fig. VI-5 Black diagram? of nuclear instrumentation system, Stationary Medium Power Plant 
No. 1 (SM-1) (formerly APPR). 
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Fig. VI-9 Block diagram of nuclear instrumentation system, Dresden reactor.° 
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the low-level period information (see Table VI- 
1, columns 5 and 6). Of the 13 plants surveyed, 
10 measure the period and three do not. How- 
ever, of the 10 that do measure the low-level pe- 
riod, four do not subsequently use this informa- 
tion in an automatic scram circuit and two use 
the information for setback. The decision on 
this question involves balancing the cost of 
the period-measuring and protection equipment 
against the degree of trust in the operator and 
in the other equipment that may protect the re- 
actor against reactivity increases at low power 
levels. One reason for not using the low-level 
period information in the scram circuitry 
is the rather poor performance of the period- 
measuring equipment at very low flux levels. It 
has been found that, at these low levels, the out- 
put signal from the period amplifier is, insome 
cases, very erratic and is apt to cause unjusti- 
fied reactor shutdowns. Some designers feel 
that, despite the noise accompanying the period 
information, the operator will be able to discern 
the true period and thus act appropriately. 

Another design area in which there are varia- 
tions is the recording of period information. 
Period information is recorded in four of the 13 
plants surveyed. Justification for the use of 
records in these few cases is probably basedon 
the relatively small additional cost and on the 
value of recording period information during 
initial operation of a new reactor type. Records 
of period information during normal constant- 
power-level operations are of little value. For 
records of startup and shutdown, at least some 
period information can be derived from interpre- 
tation of the log-N and linear level-recording- 
equipment charts. 

The EBWR is the only instrumentation system 
listed in Table VI-1 that incorporates a galva- 
nometer chain. This channel has the property of 
being able to supply the reactor operator with 
reactor flux-level information even though all 
sources of power may be incapacitated simul- 
taneously. (The galvanometer channel is in- 
variably equipped with a battery power supply 
used exclusively by the galvanometer equip- 
ment.) The probability of total power failure is, 
however, usually very small. 

A final item of general interest is whether 
signals from the nuclear instrumentation are 
used in automatic control of the reactor and 
power plant (see Table VI-1, column 8), Two of 
the systems surveyed use nuclear instrument 
signals in controlling to constant neutron flux. 


As mentioned previously, there seems to bea 
slight trend toward standardization on the use 
of: about seven channel out-of-core systems. A 
trend that seems to be emerging is the use of 
significant numbers of in-core instrumentation 
channels. The Dresden, Ill., power plant, for 
example, uses 48 to 64 in-core ionization cham- 
bers.’ Other plants with substantial in-core in- 
strumentation include Shippingport and OMRE. 
Owing to the physically larger growth of reac- 
tors, two strong incentives may lend impetus to 
the increased use of in-core instrumentation; 
these incentives are (1) having sufficient in-core 
instrumentation to monitor flux tilting and (2) 
providing in-core instrumentation— even ifitis 
relatively expensive —to control fuel burnup by 
regions for the maximum economy in fuel 
burnup. 
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Uranium Oxide Fuels 


The use of uranium oxide as a reactor fuel 
dates from the first reactor (CP-1) constructed 
at the University of Chicago in 1942, which 
used some oxide fuel slugs. However, the low 
uranium content per unit volume of this fuel 
precluded its general use for the natural- 
uranium reactors under development at that 
time, and the research and development on 
reactor fuel were directed toward metallic ura- 
nium, 

The advent of high-temperature water- 
moderated reactors for commercial power gen- 
eration placed a new emphasis on economics 
and showed the need for fuels that could with- 
stand very long exposures (of the order of 
10,000 Mwd/ton or more). At the same time, 
the rapid rate of chemical reaction between 
uranium metal and water gave rise to fears 
that individual fuel-jacket failures might lead to 
progressive failures, due to the partial blocking 
of coolant channels in the closely spaced fuel- 
element arrangements characteristic of 
pressurized-water reactors. Intensive efforts to 
develop uranium alloys that could solve the 
problems of corrosion and radiation damage 
simultaneously were unsuccessful, and the major 
development effort was shifted to oxide ele- 
ments for the blanket region of the Shippingport 
Pressurized-Water Reactor. Early irradiation 
tests on pressed and sintered UO, indicated that, 
at moderate temperatures, it possessed excep- 
tional resistance to irradiation damage (less 
than 8500 Mwd/ton) and that it exhibited ex- 
cellent chemical stability with respect to high- 
temperature water. Further tests to higher 
exposures confirmed these findings. Another 
favorable result was the finding that the release 
of fission-product gases, which had been ob- 
served to be high in early irradiation tests, 
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was dependent on density and temperature. 
Release rates of only 1 to 2 per cent of the 
gases generated were measured for pressedand 
sintered compacts which had densities of 92 to 
95 per cent of the theoretical density and which 
operated at or below 1000°C, whereas releases 
up to 10 per cent of the gases generated were 
observed at temperatures above 1000°C but be- 
low the melting point. Currently, pressed and 
sintered UO, is the standard fuel for large, 
slightly enriched, water-cooled power reactors 
and is also being used for reactors of some 
of the other types now under construction. 
It is the primary purpose of this review to 
summarize current design practice for such 
fuel and available information concerning its 
performance. Other methods of fabricating UO, 
fuels, which may have important advantages, are 
under development. These are summarized 
briefly in the latter part of the review, but 
the data presented throughout the review on 
UO, performance apply to the pressed-and- 
sintered compacts unless there is a specific 
statement to the contrary. 

Typical data available on UO, properties in the 
1956 to 1957 period, when the initial fuel 
designs for some of the reactors that have 
recently come into operation were being made, 
are as follows (see the December 1957 issue 
of Power Reactor Technology, Vol. 1, No. 1, 
page 25): 


Theoretical density 10.97 g/em® 
Melting point 2760 + 30°C 
Thermal conductivity 
at 10.02 g/em*; 
100°C 0.018 cal/(sec)(em)(°C) = 
4.4 Btu/(hr)(ft)(°F) 
600°C 0.008 cal/(sec)(em) (°C) = 


1.9 Btu/(hr)(ft)(°F) 
0.006 cal/(sec)(em)(°C) = 
1.5 Btu/(hr)(ft)(°F) 


1000°C 
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Linear coefficient of 
thermal expansion 
Specific heat (17°C) 


11.2 x 1078/°C 
0.056 cal/(g)(°C) 


The following information concerning the fabri- 
cation and characteristics of UO, has been 
established: 


1. UO, could be fabricated into cylindrical 
compacts by essentially standard powder- 
metallurgy techniques. 

2. As-fired densities in the range of 92 to 
95 per cent of the theoretical density could be 
obtained by mass-production methods. 

3. Fired UO, was quite brittle, but it could 
be produced to accurate diametral and length 
tolerances by grinding after sintering. 

4, Irradiation experiments had indicated that 
exposures of the order of 10,000 Mwd/ton could 
be attained and that the integrity ofthe elements 
was preserved even when there was extensive 
fracturing and some center melting of the com- 
pacts. 


Although little was known concerning the actual 
heat-transfer and fission-gas-release mecha- 
nisms involved, the irradiation experiments 
that had been conducted produced useful em- 
pirical information. Moreover, the success of 
these experiments indicated that this information 
could be judiciously applied, with some degree 
of confidence, to the design of UO, fuel ele- 
ments. This was particularly true if the ele- 
ments were of the same physical shape as the 
irradiated samples (i.e., if the elements were 
short, cylindrical, sintered compacts of UO, 
contained within closed-end stainless-steel or 
Zircaloy-2 tubes). Typical designs of this type 
were based upon the following assumptions: 


1. A maximum permissible centerline fuel 
temperature of 4500°F 

2. An average operating thermal conductivity 
value, over the design lifetime of the fuel, of 
1 Btu/(hr)(ft)(° F) 

3. A minimum cold radial gap between fuel 
outside diameter and jacket inside diameter 
consistent with fabrication and assembly re- 
quirements 

4. A 10 per cent release of fission-product 
gases 

5. A fuel lifetime of 10,000 Mwd/ton of ura- 
nium 

6. An as-fired density of 92 to 95 per cent of 
the theoretical density 


On the basis of such assumptions, suitable 
values for the oxide pellet diameter and the 
jacket wall thickness could be determined. 
The jacket wall thickness was usually fixed by 
the considerations that the jacket wall shouldbe 
strong enough to withstand the collapsing pres- 
sure exerted by the pressurized reactor coolant 
and to withstand the internal pressure exerted 
by the 10 per cent of the fission gases assumed 
to be released over the lifetime of the fuel 
element, 

Choice of the oxide-pellet diameter involved 
considerations of central fuel temperature and 
power density in the reactor core. The central 
temperature is the sum of the coolant tempera- 
ture, the coolant-film temperature drop, the 
temperature drop in the jacket wall, the tem- 
perature drop in the pellet-jacket gas gap, and 
the temperature drop from the center to the 
surface of the oxide pellet. The first three of 
these are determined by conventional considera- 
tions. The gas-gap temperature drop is deter-- 
mined by the gap dimensions and by the thermal 
conductivity of the gas mixture (which consists 
of the initial filling gas and the released fission 
gases). The pellet temperature drop is deter- 
mined by the thermal conductivity of the oxide, 
which is a function of temperature; but, as 
stated abovr, the early practice was to assume 
an effective conductivity of approximately 
1 Btu/(hr)(ft)(°F), which was supposed to take 
into account both the temperature-dependent 
conductivity distribution in the element and the 
effects of radiation damage and oxide cracking. 

Of the temperature drops enumerated above, 
the center-to-surface drop in the pellet is by 
far the largest. If a quantity of heat Q is gener- 
ated uniformly in a long cylinder, of length L 
and effective (uniform) thermal conductivity k, 
the temperature difference AT between the cen- 
ter and the surface of the cylinder is: 


Q 1 


aT "1 dak 


That is to say, it is independent of the diameter 
and is dependent on only k and the power gen- 
eration per unit length. The same statement is 
true, incidentally, if k is not uniform but is a 
function of temperature only. Thus, to a first 
approximation, the required total length of fuel 
rod in the reactor is fixed once the total power 
of the reactor has been set and once maximum- 
to-average power-density ratios have been de- 
termined. The diameter chosen for the fuel rod 
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determines the power density in the reactor 
core, simply because this diameter determines, 
for a given fuel-to-moderator ratio, the volume 
of core necessary to contain the required total 
length of fuel rod. Thus the reactor power 
density can be increased by decreasing the 
fuel-rod diameter. If this process is carried 
far enough, a point will be reached at which the 
power-density limit set by the consideration of 
heat-transfer burnout is the same as that set 
by the maximum permissible center temperature 
(see the December 1958 issue of Power Reactor 
Technology, Vol. 2, No. 1, page 20). The lower 
limit on fuel-rod diameter is, however, usually 
set by considerations of mechanical design, 
reactor physics, and economics, rather than by 
thermal considerations. 

The general design methods described above 
have led to fuei-element designs utilizing rod 
diameters between 0.30 and 0.50 in. and yielding 
maximum linear power outputs between about 
400 and 500 watts per centimeter of fuel-element 
length* [42,000 to 52,000 Btu/(ft)(hr)]. Jacket- 
tube wall thicknesses between about 0.020 and 
0.030 in. have been employed, depending on the 
element diameter and the jacket material. The 
nominal value of the gas gap (at operating tem- 
perature, assuming no pellet cracking) has 
ranged between 0.003 and 0.006 in. inthickness. 

Since the initial designs of fuel elements for 
reactors such as Shippingport, Dresden, and 
Yankee, a large amount of research has been 
done on oxide fuels and oxide fuel elements. 
This research has depended strongly upon the 
irradiation of small samples. 

The fact that UO, possessed a greater in- 
herent resistance to irradiation and fission 
damage than metallic uranium had been estab- 
lished quite early, but the limits of this re- 
sistance were largely unknown. By 1958 some 
investigations’? of in-pile behavior of UO, had 
shown excellent irradiation stability to ex- 
posures as high as 16,800 Mwd/ton of UO, 
(~2.2 per cent of total uranium fissioned). 
Subsequent samples® have been irradiated to as 
much as 30,000 Mwd/ton of UO, (~ 4.0 per cent 
of total uranium fissioned), with negligible 
physical change to the UO,. An exposure of 





*This is not to be confused with the conductivity in- 
tegral, which also has dimensions in watts per centi- 
meter. For cylindrical cases where both terms are 
applicable (e.g., rods of uniform composition), the 
linear power output = 47 (conductivity integral). 


44,800 Mwd/ton of UO, (~6.0 per cent of total 
uranium fissioned) has been reported.‘ Post- 
irradiation examination of this sample disclosed 
extensive disruption of the crystal structure and 
disclosed volume changes of about 5 per cent. 
The damage sustained seems to indicate that 
exposures of this magnitude represent the upper 
limit of the UO, capability. 

The first irradiation programs had not dis- 
closed any marked dependence of irradiation- 
damage stability upon such characteristics as 
surface area, density, deviations from the 
stoichiometric composition, or fabrication 
methods. The programs had, however, indicated 
that these characteristics exerted considerable 
influence upon the thermal performance and 
fission-product-retention capability of the fuel. 
Consequently a large fraction of the later work 
was aimed at determining the particular effects 
of these characteristics upon the thermal con- 
ductivity of UO,, upon the effective thermal 
conductivity of the fuel element as a whole, and 
upon the release of the generated fission gases. 

Recent work on the thermal conductivity of 
UO, was reviewed in the March 1961 issue of 
Power Reactor Technology, Vol. 4, No. 2, pages 
38 to 43. This work indicates that the effective 
thermal conductivity of UO, may be substantially 
higher than the value of 1.0 Btu/(hr)(ft)(°F) 
formerly used for design* but that the effective 
conductivity, when the UO, is used as a reactor 
fuel, is influenced by many factors; among 
these factors are sintering conditions, irradia- 
tion, and the geometric relation between the 
jacket and the fuel compacts. The conditions 
under which the UO, is sintered are important 
in that they control the crystal structure and 
the composition. It has been shown that non- 
stoichiometric composition affects the conduc- 
tivity adversely.° The operation of UO, in the 
reactor is thought to decrease the effective 
conductivity of the UO, compact because of 
thermal cracking and probably because the true 
conductivity of the UO, decreases as a result 
of the collection of fission products within the 
crystal lattice. The true conductivity of the UO, 
is also reduced by increased operating tempera- 
ture, at least up to a point. Any temperature 





*In Fig. VII-3 of the March 1961 issue of Power 
Reactor Technology, Vol. 4, No. 2, page 41, the deci- 
mal was inadvertently omitted on the ordinate scale. 
The values of the ordinate should be decreased -by a 
factor of 10. 
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drop across the pellet-jacket gap contributes 
directly to the center temperature of the fuel, 
but it also adds an indirect contribution due to 
the decrease in average conductivity of the UO, 
with increasing average temperature. 

The presence of the pellet-jacket gap adds 
greatly to the difficulties of predicting center- 
line temperatures and of interpreting experi- 
mental data in terms of UO, conductivity. 
Although the width of the gap may be known 
when the fuel element is fabricated, the effective 
width during operation is uncertain because 
of differential thermal expansion of the fuel 
and because of shifting and cracking of the 
fuel. Further, even though the geometric width 
of the gap may be zero, it is conceivable that 
a substantial thermal contact resistance may 
exist between the pellet and the jacket. The 
coefficient of thermal expansion of UO, is about 
6.2 x 10°°/°F, roughly the same as that of 
stainless steel (6 x 10~°/°F), and substantially 
larger than that of Zircaloy-2 (3.6 x 107°/°F). 
Thus a ‘4-in, pellet, if considered to expand 
uniformly under the influence of an “effective” 
temperature, would close the initial, cold, 
radial gap by about 1 mil for each +600°F 
difference between its “effective” temperature 
and the jacket temperature. Further, if the 
jacket is Zircaloy-2, the difference in coefficient 
of expansion amounts to a radial gap closure of 
0.1 mil for each 140°F increase in jacket 
temperature above the temperature at assembly. 
It has been suggested that, because of radial 
thermal cracking, the fuel actually moves radi- 
ally outward during operation.® In this situation 
a significant fraction of the compact can come 
into surface-to-surface contact with the jacket 
even though the initial cold gas gap is too large 
to be eliminated by differential thermal expan- 
sion alone. Thus two mechanisms, thermal 
expansion and thermal cracking, may be postu- 
lated for the reduction or elimination of the 
thermal barrier associated with the pellet- 
jacket gap. 

To avoid some of the ambiguities connected 
with the use ofa thermal conductivity to describe 
a system so poorly defined as an operating 
oxide fuel elernent, the Canadian workers and 
others have adopted the use of the conductivity 
integral for specifying the thermal duty of fuel 
elements 


T, 
Conductivity integral = i% k(@) dé 
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where k(@) is the thermal conductivity (a function 
of temperature), 7) is the center temperature, 
and T; is the surface temperature (of the UO,). 
The usefulness of the concept stems from the 
fact that, if one is dealing with fuel elements 
containing a single material, so that the varia- 
tion of thermal conductivity with position in the 
element is determined only by the temperature 
distribution within the element, then the conduc- 
tivity integralis determined only by the geometry 
of the sample and the volumetric heat-production 
rate. For example, in the case of a long 
cylinder, the conductivity integral is 


T, 
0 hr2 


f k(@) do a 


$s 


where / is the (constant) volumetric heat 
production rate and + is the radius of the cyl- 
inder. If different cylindrical samples of iden- 
ticai UO, were irradiated, for example, adjusting 
the power production level so that the product 
hr® remained constant, 7, would be expected to 
be the same for all samplesif T,; were the same 
for all samples. Conversely, if it is possible 
to measure 7, for two samples irradiated in 
such a way that 7, and the conductivity integral 
are the same but 7, for one sample is higher 
than for the other, then the conclusion can be 
drawn that k(@) is higher for that sample, at 
least over some range of 6, although the exact 
variation of k with 9 may be unknown. Finally, 
by the measurement of 7) for a given material 
over a range of values of hr’, a curve can be 
arrived at of the conductivity integral as a 
function of 7); the curve is essentially the 
equivalent of a curve of effective thermal con- 
ductivity versus temperature. Such a curve for 
UO, operating in pile, reported by Robertson 
et al.,’ is reproduced as Fig. VII-1.* The 
curve would be consistent with an effective 
conductivity that decreased from about 2.3 
Btu/(hr)(ft)(°F) at room temperature to about 
1.6 Btu/(hr)(ft)(°F) at temperatures above 
700°C. The conductivity decrease at high tem- 
perature is less pronounced than that indicated 
by most out-of-pile measurements, but a recent 
report by Bates,® of Hanford, indicates that, 





*Figure VII-1 is reprinted here by permission from 
the Metallurgical Society, American Institute of Min- 
ing, Metallurgical, and Petroleum Engineers, Institute 
of Metals Division." 
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Fig. VII-1 e k(0) d@ vs. Tfor high-density sintered 
UO, under irradiation.’ (A), melting of UO, in hydrau- 
lic rabbit experiment. (B), grain growth observed in 
specimens. (C), experimental determination of central 
temperature by a thermocouple. 


because of the contribution of radiant heat 
transfer, the thermal conductivity actually in- 
creases at temperatures above about 1400°C 
(about 2500°F). The Hanford experimental values 
for the conductivity are deduced by postirradia- 
tion examination of samples irradiated at known 
power levels. The results ofthese estimates are 
shown in Fig. VII-2, along with the results of 
conventional measurements at lower tempera- 
tures.* The continuous curve drawn through 
the points is based on theoretical estimates of 
the variations of lattice conduction and radiant 
transfer with temperature. The minimum of the 
curve is about 0.027 watt/(cm)(°K), or 1.56 
Btu/(hr)(ft)(° F). 


The preceding is summarized as follows: it 
appears that the effective thermal conductivity 
of UO, is higher than was at first assumed. 
Values perhaps 1.5 times as high as those 
originally used may be permissible. Fuel com- 
pact cracking with resulting outward movement 
to jacket contact is beneficial to over-all heat 
conductance, but the degree of improvement is 





* Figure VII-2 is reprinted here by permission from 
Nucleonics 8 


still largely undetermined. The maximum initial 
clearance that will still permit the fuel to come 
into contact with the jacket during operation is 
also unknown. However, the conservative 
approach— which assumes that the smaller the 
initial gap the better—still appears to underlie 
most design practice. 

The release of fission-product gases affects 
primarily the fuel-element jacket. Inthis regard 
the jacket tube may be considered as a small 
pressure vessel with a necessary wall thickness 
that is dependent upon the internal pressure. 

The fission gas of consequence consists of the 
stable fission-product isotopes of xenon and 
krypton. About 35 cm? [standard temperature 
and pressure (STP)] of this gas are produced 
per megawatt-day of fission-energy produc- 
tion.* A stack of 0.5-in, UO, pellets 30 in. high 
contains about 1 kg of UO, and hence produces 
a total of about 1 Mwd of energy when it is 
irradiated to an exposure of 1000 Mwd/ton. If 
a fuel element containing such a stack of pellets 
were irradiated, over its lifetime, to 15,000 
Mwd/ton, it would produce a total of about 
(15)(35) = 525 cm® (32 cu in.) of stable fission 
gas. If, for example, 25 per cent of this gas 
is released from the UO, compact, the fuel 
jacket must be designed to accommodate some 
8 cu in. (STP) of gas without overstressing. 
A 0.025-in,.-thick Zircaloy-2 jacket wall will 
withstand an internal pressure of about 1350 psi 
without yielding; if the released gas is at an 
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Fig. VII-2 Thermal conductivity of UO, vs. tem- 
perature.® (A), postirradiation examination estimates. 
(B), conduction plus radiation. (C), radiation. (D), lat- 
tice conduction. 





*A report by Cottrell et al.,* illustrates a method of 
calculating fission-gas production, and should be con- 
sulted for details. 
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average temperature of 650°C, it must occupy 
a volume of at least 0.2 cu in. to stay below the 
pressure of 1350 psi. Usually a portion of this 
volume would be available in the annular pellet- 
jacket gap and in the open porosity within the 
UO, compact; normal practice would be to 
provide the additional required volume by leaving 
an empty space at one end of the jacket. The 
latter solution is a relatively easy one ifthe fuel 


connected pcres is sufficiently rapid to have an 
insignificant effect upon the over-all release 
rate. 

The application of conventional gas-diffusion 
theory to fission-gas-release phenomena is 
complicated by the nonhomogeneous composition 
of the pressed and sintered UO, fuel compact. 
It has been suggested that a homogeneous dif- 
fusion system may be simulated by considering 


Table VII-1 RELEASE OF FISSION PRODUCTS IN CHALK RIVER CAPSULE PUNCTURE TESTS? 





Xenon released 








Calculated central Density, Oxygen-to-uranium 

Test Specimen Calculated, % Observed, % temp., °C g/cm? ratio 
CR-IV-X-2f 3 7-23 5.8 925-1120 9.7 + 0.4 2.0 
6 6-19 5.6 905-1090 9.7+0.4 2.0 

7 0.3-1.0 0.4 850-1010 9.6 + 0.2 2.0 

11 0.4-1.5 0.4 860 —1020 9.6 + 0.2 2.0 

CR-V-b UO,-2 2.3 0.2 1600 10.5 2.0 
UO,-3 2.3 0.2 1600 10.5 2.0 





elements are of full reactor core length so 
that the empty space lies in a region of low 
neutron flux; but, if not, the presence of the 
empty space at a point inthe reactor core where 
the neutron flux is high can cause anundesirable 
power-density peak in the fuel pellets adjacent 
to the empty space, 

The present understanding of fission-gas 
release indicates that minimum release rates 
are associated with low BET surface area,* 
high density, stoichiometric composition, and 
temperatures below the grain-growth region.*—® 
Under these conditions, fission gases are con- 
sidered to be released by recoil and diffusion; 
however, the quantity released by recoil is 
small enough to be ignored in most practical 
cases. 

The release from UO, is generally considered 
to consist of two stages: from the lattice to 
the open pores of the UO, and through the 
open-pore network to the surface. According to 
the presently accepted model, the release rate 
through the first stage is controlledby activated 
diffusion and through the second stage by the 
permeability of the pore network, Itis generally 
assumed that permeation through the inter- 





*A method developed by Brunauer, Emmett, and 
Teller, which uses the surface adsorption of gases to 
determine the total surface area present in a nonho- 
mogeneous body. 


the UO, compact to be composed of spheres of 
uniform radius a, having the same BET surface 
area as the compact. Applying the sphere 
radius a, as a divisor, to the normal (tem- 
perature dependent) diffusion constant (D) yields 
a modified diffusion constant (D’) that is unique 
for any particular UO, compact ofa given surface 
area. The modified diffusion constant (D’) canbe 
obtained experimentally for various tempera- 
tures and UO, compositions and can be used in 
normal diffusion equations to determine the gas 
release. Detailed explanations of this method, 
values for D’, and sample calculations may be 
found in references 9, 10, and 14 to 16. 

A comparison between the observed release 
rates from irradiated UO, specimens and those 
calculated using the modified diffusion constant, 
or D’ method, is given in Table VII-1 and 
Fig. VII-3. In the comparison of the data, it 
should be noted that the release rates are 
strong functions of temperature. Consequently 
an error of 100 to 200°C in center temperature 
can change the calculated release rates by a 
factor of 3 or 4, 

Diffusion theory is considered to hold quite 
well for UO, temperatures below the grain- 
growth region (~ 1500°C). However, above this 
temperature, the release rates are very much 
larger than would be predicted by diffusion theory 
alone. Observations of the grain-growth region 
in irradiated fuel indicate a much less porous 
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Fig. VII-3 Calculated and observed fission-gas re- 
lease.® @, 9.9 g/em’, 3.6 x 108 sec, CR-V-m. O, 10.1 
g/cm’, 4.9 x 108 sec, X-2-r. +, 10.1 g/cm, 3.6 x 108 
sec, CR-V-m., A, 10.2 g/cm’, 3.6 x 108 sec, Cr-V-m. 
V, 10.2 g/cm’, 1.4 x 10° sec, CR-V-k. X, 10.26 g/cm’, 
3 x 108 sec, X-2-p. x, 10.36 g/em’, 1.4 x 10° sec, 
CR-V-k. Li, 10.46 g/em’, 6.5 x 10° sec, X-2-m. 9, 
10.45 g/cm’, 1.4 x 108 sec, CR-V-k. D’’, D’ at 1314°C. 


structure than is present in as-sintered UQ,. 
Moreover, postirradiation examinations have 
disclosed an almost complete release of fission- 
product gases from the grain-growth region and 
the presence of a void at the center of the 
fuel compact. This evidence was formerly in- 
terpreted to mean that center melting had 
occurred. Recent work accomplished at Hanford 
and by the Canadians indicates that the lack 
of voids and the large release of fission- 
product gases are consequences of void migra- 
tion by vaporization of the UO, from the hot 
side to the cold side of a closed pore.®)"’ This 
causes the closed pores in the grain-growth 
region to move progressively inward to the 
middle of the compact, where they collect to 
form the large observed central void. Con- 
currently, this continual vaporization of the UO, 
causes gases that are held in the crystal lat- 
tice to be collected by the migrating pore as it 
moves through the UO,. The gases are then 
discharged when the pore reaches the center 


void. A photomicrograph that indicates the 
migration of the closed pores is shown in 
Fig. VII-4- 

An extensive listing of irradiation experi- 
ments from which fission-gas-release infor- 
mation has been obtained is given in Table VII- 
2. Owing to the scatter present in the data, 
the references from which the data were com- 
piled should be consulted for explanations ofthe 
circumstances applicable to the individual re- 
sults. However, it appears that less than 5 per 
cent of the fission gas generated willbe released 
from stoichiometric UO, and will have a density 
greater than 92 per cent of the theoretical 
density if it operates below the grain-growth 
temperature of about 1500°C. The same mate- 
rial, when operating above the grain-growth 
region, will release significantly larger 
amounts.® 

Up to the present time, all power-reactor UO, 
has been prepared by mechanical compaction 
and sintering of finely ground powder to produce 
short, small-diameter, solid cylinders of UO. 
The powder is prepared by ball milling in a 
combination binder-lubricant vehicle. Compac- 
tion is accomplished in a hollow die by a 
hydraulic-powered ram, The green compacts 
are then sintered in hydrogen at about 1700°C 
and centerless-ground to final size. References 
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Fig. VII-4 Photomicrograph of a section of a UO, 
pellet® held in a high-temperature gradient for 12 hr. 





Table VII-2 RESULTS OF FISSION-GAS-RELEASE RATE MEASUREMENTS ON UO, PELLETS **4+45 








BET Total 

Pellet surface test Total Fraction Release-rate Test 

Sample Manu- density, area, Isotope time, fraction extrapolated parameter temp., 
designation  facturer* % TD em?/g counted hr released to zero time (D’) °C 

51-5 B&W 91.5 18.9 Xei38 6 6.5 x 1072 4.95 x 1078 1800 
50-6 B&W 92 58 Xe'33 6 1.47 x 107! 1.5 x 1077 1800 
GE-5 GE—Val. 93.8 12.7 Xe! 9 9.93 x 107 8.23 x 1078 1800 
25-8 MCW 94 2.94 Xe!88 6 6.7 x 1078 1.39 x 107% 1800 
34-30 NUMEC 94.4 28.6 Xe'38 6 9.4 x 107 1.10 x 107 1800 
GE-H-4 GE—Val. 93.6 8.11 Xe!85 3 3.4 x 1074 9.7 x 1078 1700 
GE-H-4 GE—Val. 93.6 8.11 Xe! 3 2.5 x 1074 5.0 x 1078 1700 
50-6 B&W 91.7 58 Xe!38 2 8.52 x 1073 1600 
50-6 B&W 91.7 58 Xe!83 18 4.93 x 1072 1600 
50-6 B&W 91.7 58 Xe'38 22 9.03 x 1072 1600 
50-6 B&W 91.7 58 Xe!83 25 9.65 x 1072 9.25 x 1079 1600 
33-9 Davison 93.5 12.5 xe™ 6.15 x 107? 1.1 x 10-" 1600 
33-9 Davison 93.5 12.5 Xe!38 6.67 x 1072 2.0 x 107"! 1600 
33-9 Davison 93.5 12.5 Xe 2.13 x 107¢ 1.2 x 107"! 1600 
33-9 Davison 93.5 12.5 xe* 18 6.67x107 5.84x107 1.99 x 107! 1600 
GE-H-4 GE—Val. 93.6 8.11 Kr®5 3 2.7 x 1074 8.4 x 10738 1600 
GE-5 GE—Val. 93.8 12.7 Xe!33 9 2.92 x 107? 1.48 x 107° 1600 
25-8 MCW 94 2.94 Xe!38 1.99 x 1073 1.5 x 107! 1600 
34-30 NUMEC 94.4 28.6 Xe!33 6 1.22 x 1073 7.1x10™ 7.75 x107% 1600 
241 ORNL 94.8 11.2 Kr®5 3 5.0 x 1074 2.0 x 10712 1600 
1173 ORNL 95.5 89.3 Xe!33 2 2.0 x 1072 5.0 x 1079 1600 
51-5 B&W 91.5 18.9 xe!¥ 1.5 1.24 x 1073 6.0x10 6.98 x 107” 1400 
50-6 B&W 91.7 58 Xe'38 2 3.47 x 1073 1400 
50-6 B&W 91.7 58 Xe!33 16 5.80 x 1073 1400 
50-6 B&W 91.7 58 Xe!33 18 5.87 x 1073 1400 
50-6 B&W 91.7 58 Xe!33 20 5.93 x 1073 1.89 x 107” 1400 
33-9 Davison 93.5 12.5 Xe!33 1.18 x 107? 25x10” 1400 
GE-5 GE—Val. 93.8 12.7 Xe!33 9 1.23 x 107? 9.0x107 5.92 x 107! 1400 
25-8 MCW 94 2.94 Xe!38 9 5.15 x 1074 1.6x10 2.23 x107% 1400 
25-8 MCW 94 2.94 Xe33 6 3.1 x10 1.92 x10 4.72 x 107" 1400 
25-8 MCW 94 2.94 Xe!38 3.53 x 1074 1.2 x 1078 1400 
25-8 MCW 94 2.94 Xe!38 5.26 x 1074 1.1 x 1078 1400 
34-30 NUMEC 94.4 28.6 Xe!83 6 1.63 x 1073 1.03 x 1073 2.51 x 1078 1400 
2-1 ORNL 94.8 11.2 Kr®5 4.5 2.1x10° 6.0 x 107! 1400 
2-1 ORNL 94.8 11.2 Kr5 16 7.1 x 1074 0 7.8 x 107% 1400 
1173 ORNL 95.4 89.3 Xe!33 2 7.6 x 1073 1400 
1173 ORNL 95.4 89.3 Xe!38 6 9.64 x 1073 1400 
1173 ORNL 95.4 89.3 Xe!33 23 1.18 x 107? 1400 
1173 ORNL 95.4 89.3 Xe!38 25 1.22 x 1072 2.42 x 107! 1400 
1173 ORNL 95.5 89.3 Xe!% 3 1.39 x 107? 1.56 x 1079 1460 
1173 ORNL 95.5 89.3 Xe!38 16 2.43 x 1072 1.95107? 7.68 x 107"! 1400 
GE-6 GE—Val. 95.5 =.7 Xe!83 6 4.6 x10 4.0 x104 3.28 x107* 1400 
GE-6 GE—Val. 95.5 PY Xe! 1.25 x 107? 2.2 x 10~-” 1400 
34-30 NUMEC 94.4 28.6 Xe!33 6 9.2 x 1074 7.0 x10 6.66 x 107 1300 
25-8 MCW 94 2.94 Xe'38 1.86 x 1074 3.7 x 107" 1200 
1173 ORNL 95.5 89.3 Xe!88 3 8.6 x 107 5.97 x 107” 1200 
50-6 B&W 91.7 58.0 Xe33 0.35 7.21074 1000 
50-6 B&W 91.7 58.0 Xe!33 0.75 8.2x1074 1000 
50-6 B&W 91.7 58.0 Xe!33 2.3 8.9 x 1074 1000 
50-6 B&W 91.7 58.0 Xe!83 19.3 9.6 x 1074 1000 
50-6 B&W 91.7 58.0 xe = 42.9 1.0 x 1073 1.07 x 1074 1000 
1173 ORNL 95.4 89.3 Xe33— 9.40 4.5 x 1074 1000 
1173 ORNL 95.4 89.3 Xe33 1.00 6.5 x 1075 1000 
1173 ORNL 95.4 89.3 Xe 1.08 4.9 x 1074 1000 
1173 ORNL 95.4 89.3 Xe = 17 6.8 x 1074 1000 





(Table continues on the next page.) 
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Table VII-2 (Continued) 








BET Total 
Pellet surface test Total Fraction Release-rate Test 
Sample Manu- density, area, Isotope time, fraction extrapolated parameter temp., 
designation facturer* % TD em’/g counted hr released to zero time (D') °C 

1173 ORNL 95.4 89.3 xe’ ‘418 5.9 x 1074 1000 
1173 ORNL 95.4 89.3 xe 1g ti x0™ 4.59 x 107'4 1000 
1173 ORNL 95.4 89.3 Xe = 04.5 62x10 1000 
1173 ORNL 95.4 89.3 Xe83 45.3 6.6 x 1074 2:34.x 107" 1000 
1173 ORNL 95.5 89.3 Xe83 3 1.28 x 1074 1.32 x 10738 1000 
1173 ORNL 95.4 89.3 xe% 0,32 1.38 x 1074 600 
1173 ORNL 95.4 89.3 Xe!83 5.0 1.45 x 1074 600 
1173 ORNL 95.4 89.3 xe83 45.0 1.51 x 1074 <1 x 10718 600 
1173 ORNL 95.4 89.3 Xxe33 0.25 3.7 x 107° 400 
1173 ORNL 95.4 89.3 xe — 2. 5.1 x 1076 400 
1173 ORNL 95.4 89.3 Xe83 87 1.57 x 107° 400 
1173 ORNL 95.4 89.3 Xe%3 = 51.2 1.13 x 1073 400 
Spencert 100 200 Xe 2.0 5.01 x 1073 1600 

Spencer 100 200 xe's 3.5 6.4 x 1073 1600 

Spencer 100 200 Xe" 1955 1.5 x 107 1600 

Spencer 100 200 xe*® 94:5 1.67 x10 2.66 x 107” 1600 

Spencer 100 200 Xe = 1.5 3.51 x 1073 1400 

Spencer 100 200 Keo 17:5 Sghoxcdo@ 1400 

Spencer 100 200 xe 19.5 ‘S179 x10 1400 

Spencer 100 200 Xe!83 22.5 5.91 x 107 449 x0-" 1400 

SF UO-2 Spencer 100 ~0.5t xe* 2.3 x 107? 3.3010" 1400 
SF UO-2 Spencer 100 ~0.5 Xe'88 3.38 x 1073 9:8:<107- 1300 
SF UO-2 Spencer 100 ~0.5 Xe'38 5.80 x 1074 1:3 x 10-" 1200 
SF UO-2 Spencer 100 ~0.5 Xe!38 1.87 x 107° 3.5 x 107% 1100 





*B&W, Babcock & Wilcox Co.; GE—Val., General Electric Co., Vallecitos Atomic Lab.; MCW, Mallinckrodt Chem- 
ical Works; NUMEC, Nuclear Materials and Equipment Corp.; Davison, Davison Chemical Co.; ORNL, Oak Ridge Na- 


tional Laboratory; Spencer, Spencer Chemical Co. 
+Ground and fused. 
tCalculated surface area for 100 per cent dense UQy. 


18 and 19 contain a description of the general 
process and of the variables that must be 
controlled during all stages of production to 
ensure a satisfactory and reproducible product. 

The pellet technique, although capable of 
producing quite acceptable material, has two 
major disadvantages: first, a large number of 
small pieces must be produced and assembled 
within the jacket to form a fuel rod; and second, 
a clearance gap between the compact and the 
jacket is required for the assembly operation. 
Improvement in both economics and thermal 
performance could be attained if the number of 
pieces could be reduced and if the thermal 
barrier associated with the gap could be elimi- 
nated. A number of alternate fabrication tech- 
niques have been proposed and are being actively 
investigated in an effort to accomplish these 
two objectives, 

The first of these is aimed at reducing the 
large number of individual compacts by extrud- 


ing UO, in lengths that approach the desired 
fuel-rod length. In general, this process has 
met with little success. Most of the work has 
been done at Hanford Atomic Products Opera- 
tion (HAPO), and the most recent information 
can be obtained from the HAPO quarterly 
progress reports. Some expioratory work was 
initiated by Carolinas Virginia Nuclear Power 
Associates, Inc., andis reportedin reference 20. 


A second approach has been directed toward 
the elimination of the assembly clearance gap 
by the postassembly collapse of the jacket tube 
onto the compact. Three methods have been 
investigated: (1) stretch forming, (2) hot iso- 
static pressing, and (3) drawing. These methods 
could also be used in conjunction with the 
extrusion of UO, to produce one-piece UO, 
rods in full-length contact with the jacket tube. 
Although promising, the work is quite prelimi- 
nary and will require considerably more effort, 
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including irradiation testing, before its suita- 
bility is demonstrated. 

Two other techniques that may accomplish 
both of these objectives and also simplify UO, 
fuel-element fabrication are swaging andvibra- 
tory compaction. In the vibratory-compaction 
technique, a fuel-element jacket tube, closed 
at one end, is filled with crushed, high-density 
UO, material and is vibrated either mechan- 
ically, electronically, or ultrasonically until 
the desired fuel-element density is achieved. 
In the swaging process, an oversized jacket tube 
is filled with this same type of UO, material 
and swaged, either at room temperature or hot, 
to the final size and required density. The 
highest swaged densities are achieved when 
Swaging is accomplished in the range of 800 
to 1200°C. However, high-temperature swaging 
introduces some additional problems because 
of the reduced cladding strengths encountered 
at these temperatures. 

Some irradiation information for both swaged- 
and vibratory-compacted fuel is given in Tables 
VII-3 and VII-4. This information indicates that 
the densities obtained by swaging are not as 
high as those achieved by the more conventional 
press-sinter techniques. Moreover the fission- 
gas release from either swaged- or vibratory- 
compacted fuel appears to be higher than that 
associated with the pressed and sintered UO,. 
Some of the most recent information on swaging 
and vibratory compaction is available in the 
HAPO quarterly reports. Similar information 
concerning vibratory compaction may be found 
in references 21 and 22. 

It must, of course, be recognized that high 
average density does not necessarily have the 
same implications for a fuel body composed of 
unbonded particles as it does for a body that 
has been sintered into an integral mass. It would 
be expected, for example, that the fission-gas 
retention properties of the swaged- or vibratory- 
compacted elements would depend on the densi- 
ties and sizes of the individual particles, so 
long as the particles remain separate, no 
matter how closely they may be packed together. 
On the other hand, the fraction of compacted 
powder that reaches the sintering temperature 
during reactor operation will, no doubt, sinter 
during use. The net effect may be that the 
swaged- or vibratory-compacted elements per- 
form, in the reactor, much like the more con- 
ventional elements after this sintering has 
been accomplished. 





Finally, it should be said that more may be 
gained from new fabrication techniques than 
Simply a decrease in the cost of fabricating 
more or less conventional fuel elements. Much 
of the Hanford work, for example, is motivated 
by the objective of finding practical methods 
of fabricating elements that contain recycled 
plutonium. Similarly, the significant advantage 
of the vibratory-compaction method may be its 
capability of producing elements of more com- 
plex shape, rather than any reduction it may 
achieve in the cost of conventional rod type 
elements. 

In summary, although new and promising 
methods of fabricating UO, are being investi- 
gated, the cold-pressing and sintering technique 
is currently standard for UO, elements. Im- 
provements in this technique have enabled the 
fabricator to provide compacts of longer length 
for a given diameter and to provide better con- 
trol of composition. Geometrically, the compacts 
retain the right-circular shape formerly used, 
although recent information indicates that a 
barrel shape may be more suitable. Most de- 
signs now employ the “dished-end” feature of the 
Pressurized-Water Reactor (PWR) compacts for 
reducing the over-all thermal expansion of the 
UO, within the jacket tube. 

The present status of the sintered UO, tech- 
nology is summarized as follows: 


1. High-purity stoichiometric UO, of con- 
trolled composition, BET surface area, grain 
size, and proper crystal structure can be 
produced by cold pressing and hydrogen sinter- 
ing. Densities of 95 per cent of the theoretical 
density or greater can be achieved routinely. 

2. The radiation-damage effects observed in 
the limited number of UO, samples that have 
been irradiated to very high burnup do not 
significantly affect the performance of the 
fuel until exposures in the range of 40,000 
to 45,000 Mwd/ton are attained. At this point, 
incipient crystal lattice damage begins to appear. 

3. The effective hot operating thermal con- 
ductivity of UO,, when employed as a pressed 
and sintered compact contained within a jacket 
tube, appears to be in the range of 1.5 to 2.5 
Btu/(hr)(ft)(°F). The conductivity is adversely 
affected by irradiation, by deviations from 
stoichiometric composition, and by increasing 
temperature, although the effect of temperature 
may be small, or reverse, above about 1400°K. 
Design practice for the exposures and tempera- 
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Table VII-3 


IRRADIATION” OF SWAGED UO, 




















Enrichment, Average Expo- 
Density, wt.% U2 heat flux, sure, 
Type Dimensions Cladding % TD in uranium UO, type Btu/(hr)(sq ft) Mwd/ton Remarks 
3-Rod 115% in. long; S.S. 87 Natural 8-G (sintered 150,000 to 267 Wire wrapped; little 
cluster 0.600-in. out- and ground) 200,000 sintering 
side diameter 
3-Rod 11°, in. long; Zircaloy-2 83 1.6 $-G 270,000 to 470 Central void formed 
cluster 0.569-in. out- 400,000 at higher fluxes 
side diameter 
Rod 8 in. long; S.S. 89 Natural S-G 275,000 210 Center melting 
1.44-in. out- 
side diameter 
Three 4.00 in. long; Zircaloy-2 83 2.47 S-G 350,000 to 2500 to 50 per cent fission- 
capsules 0.750-in. out- 550,000 15,900 gas release; two 
side diameter still under irradia- 
tion 
Four 3.87 in. long; Zircaloy-2 84 Natural S-G 225,000 to 3000 t One still under irra- 
capsules 0.569-in. out- 400,00( 8000 diation 
side diameter 
Rod 5.17 in. long; Zircaloy-2 90 Natural 5-G 578,000 
0.380-in. out- 
side diameter 
Rod 4.23 in. long; Zircaloy-2 85 Natural S-G 227,000 145 
0.380-in. out- 
side diameter 
Six 4-rod 18 in. long; S.S. 83 1.6 S-G 1500 Awaiting examination 
clusters 0.565-in. out- 
side diameter 
4-Rod 12 in. long; Zircaloy-2 90 Natural F-G (fused 200,000 850 Some core sintering; 
cluster 0.565-in. out- and ground) 10 per cent fission- 
side diameter gas release 
4-Rod 12 in. long; Zircaloy-2 82 1.6 S-C 350,000 1500 37 per cent fission- 
cluster 0.565-in. out- gas release 
side diameter 
7-Rod 8 ft long; S.S. 85 Natural 8-G 600 Wire wrapped; await- 
cluster 0.565-in. out- ing examination 
side diameter 
Three 18 in. long; Zircaloy-2 83 1.6 S-G 600; Wire wrapped; two 
7-rod 0.565-in. out- 900 awaiting examina- 
clusters side diameter tion 
9-Rod 30 in. long; Zircaloy-2 85 2.4 S-G 225,000 3500 Irradiation continuing 
cluster 0.565-in. out- 
side diameter 
1-Rod 36 in. long; S.S. 83 Natural Mineral 3000 
cluster 0.570-in. cut- source 
side diameter 
Two 4 in. long; Zircaloy-2 85 Natural S-G 575,000 Irradiation continuing 
capsules 0.565-in. out- 
side diameter 
Four 4 in. long; Zircaloy-2 90 Natural F-G 600,000 Irradiation continuing 
capsules 0.565-in. out- 
side diameter 
Four 4 in. long; Zircaloy-2 86 2.4 S-G 750,006 Irradiation continuing 
capsules 0.568-in. out- 
side diameter 
One 4 in. long; Zircaloy-2 86 Natural S-G 1,350,000 3000 Irradiation continuing 
capsule 0.565-in. out- 
side diameter 
One 4 in. long; Zircaloy-2 90 Natural F-G 1,350,000 3000 Irradiation continuing 
capsule 0.565-in. out- 
side diameter 
4-Rod 11% in. long; Zircaloy-2 87 Natural S-G 250,000 1000 Irradiation continuing 
cluster 0.570-in. out- 
side diameter 
Defected 23 in. long; Zircaloy-2 85 2.4 S-G 500,000 90 Zirconium hydride 
rod 0.560-in. out- formed; no particu- 
side diameter late matter released 
(0.005-in. hole) 
Defected 24 in. long; Zircaloy-2 85 3.1 8-G 685,000 100 No particulate mat- 
rod 0.570-in. out- ter released; ex- 
side diameter amination continuing 
(0.005-in. hole) 
Defected 24 in. long; Zircaloy-4 85 3.2 S-G 685,000 Test in progress 
rod 0.570-in. out- 


side diameter 
(0.005-in. hole) 
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tures associated with water-moderated power 
reactors appears to be shifting upward, into the 
range of 1 to 1.5 Btu/(hr)(ft)(°F). 

4. Owing to the outward radial motion of the 
fragments so that they contact the jacket wall, 
compact fracture is thought to improve the over- 
all heat conduction through the jacketed element. 





For example, the percentage of generated 
fission gas that would be released, as a func- 
tion of temperature, was based completely 
upon the observation of irradiated samples. 
Moreover, the jacket wall thickness was selected 
to be compatible with the pressure associated 
with this release. Therefore a significant number 


Table VII-4 FISSION-GAS RELEASE IN UO, FUEL ELEMENTS” 








Surface 
Fuel Exposure, heat flux, Fission-gas 
UO, diam., in. Mwd/ton Btu/(hr)(sq ft) release, % 
Vibrationally 
compacted and 
fused UO, 0.510 900 250,000 2 
Swaged and 
fused UO, 0.520 750 210,000 6 
Sintered UO, 
pellets 0.500 750 210,000 1 
Swaged, sintered, 
and crushed UO, 0.625 1,500 450,000 45 





5. The minimum release of fission-product 
gases is obtained with UO, of low BET surface 
area, maximum density, stoichiometric compo- 
sition, and temperatures belowthe grain-growth 
region. 

6. Release rates below the grain-growth re- 
gion may be estimated by diffusion theory, using 
experimentally derived temperature- and 
composition-dependent diffusion constants. 
Grain growth results ina significantly greater 
release of the generated fission products. 


The major contribution of this information 
has been toward a better understanding of the 
performance of UO, fuel elements. The end 
product of the fuel-element design process has 
been affected relatively little. This is not 
unexpected if it is considered that the early 
fuel designs were based rather directly upon 
the results of irradiation experiments. Conse- 
quently the designs employed reproduced, in 
large part, the mechanical features of the ir- 
radiated samples in the interests of better 
ensuring comparable performance. The design 
criteria that were established could be con- 
sidered little more than descriptions of an 
assumed model for the behavior of the element. 
Although these early criteria now appear to be 
erroneous in some details, they predicted the 
general performance of the elements, probably 
with some conservatism. 


of jacket failures should occur if the assumed 
values were exceeded to any great degree. 
According to present information the gas release 
attendant to a 4500°F center temperature should 
be very much larger than that originally as- 
sumed. Since jacket failure has not been a 
problem in the irradiation programs reported 
to date, the actual release of fission gases 
must not be very much different from that 
assumed. The obvious inference is that the 
design center temperature was probably never 
reached because the over-all effective heat 
conductance of the element is higher than 
anticipated. 

In point of fact, the preceding conclusion 
illustrates the major difference between the 
initial UO, power-reactor fuel-element designs 
and those of the present day. The current 
design approach employs essentially the same 
thermal model, expressed by the same equa- 
tions. The fuel material and general fuel- 
element arrangement also remain unchanged, 
except that the requirements for stoichiometric 
composition, high density, and low BET surface 
area are better defined. However, in setting the 
center temperature limit, the fission-product 
gas release is considered in detail and the re- 
lease rates are determined in a more sophisti- 
cated manner. The resulting center-temperature 
limit may or may not approach the melting 
point, depending on the capability of the over-all 
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element design to accommodate the released 
fission gas. 

The present procedure for the calculation of 
fission-gas release requires the use of an 
axial and radial temperature profile through 
the compact. This permits the fuel to be sub- 
divided, volumetrically, on the basis of tem- 
perature. By the use of diffusion theory, the 
expected release rates can be calculated for 
volumes below the grain-growth region as a 
function of both fuel exposure and temperature. 
The fuel volume experiencing grain growth is 
assumed to release all the fission products 
generated. 

Although the improved understanding of UO, 
behavior has not resulted in revolutionary 
changes in fuel-element design, it does appear 
that significant increases in rating may be 
possible through the proper application of the 
newer information and that permissible fuel 
exposures very substantially higher than the 
10,000 Mwd/ton originally assumed can be 
expected. The indications are that both of 
these improvements are being exploited in the 
core designs that are currently in the fluid 
stage. 


Fuel-Element Operating 
Experience at Shippingport 


Fuel-rod bundles from three of the Shipping- 
port blanket fuel assemblies were removed 
during the first refueling of the seed. The 
bundles were examined to determine what ef- 
fect the operation of the reactor had on the 
Zircaloy-clad, UO, fuel rods and bundles. Up 
to the time they were removed, the plant had 
been in operation for 5800 equivalent full- 
power hours, Average irradiation of the natural- 
uranium blanket was 1990 Mwd/ton of UO; 
peak irradiation was approximately 8770 
Mwd/ton. 

Each fuel-rod bundle consists of an 11 by 11 
Square array of rods, with one corner rod 
removed to make room for instrumentation, 
which allows 120 rods per bundle. Rods are 
welded to tube sheets at each end; the total 
length of each bundle is approximately 10'/, in. 
Each fuel assembly has seven bundles placed 
end to end. 

The fuel bundles were examined for crud 
deposits, dimensional changes, and effects of 
operation on the fuel and cladding. Certain fuel 


rods were isotopically analyzed to determine 
total uranium and plutonium content, concentra- 
tions of uranium and plutonium isotopes, and 
total number of fissions. The results of the 
isotopic analyses are discussed in Sec. I of this 
issue. Fission-gas release was also measured. 
References 23 to 25 are reports of individual 
examinations, and reference 26 summarizes the 
series of tests on the fuel bundles. 

The axial crud-deposit pattern was found to 
be parabolic, with maximum deposits at the 
ends and with minimum deposits at the center 
of the seven-bundle fuel assembly. Local weight 
deposits ranged from less than 5 to 156 mg/cm’. 
Residence time of the crud is estimated from 
activation measurements to be 10 to 30 days. 
It is concluded, from estimates of the thermal 
conductivity of the crud and from the data, 
that?® “... the crud buildup on heat-transfer 
surfaces reaches an early equilibrium of negli- 
gible thermal importance.” 

The fuel bundles were inspected dimensionally 
to determine whether any changes were induced 
by radiation.”? Edge clearance, over-all bundle 
dimensions, diameters of tube-sheet flowholes, 
rod diameters, and rod spacing were measured, 
All dimensions were found to be within design 
tolerance, which leads to the conclusion that 
operation is in accordance with design expecta- 
tions. 

Certain rods were sectioned for micro- 
structural examination of the UO, and of the 
Zircaloy-2 cladding and for determination of the 
hydride density and concentration.*4 The micro- 
structure of the fuel was unaltered. This was 
expected, since the fuel burnup was quite low 
and since the average centerline fuel tempera- 
ture was calculated to be 1350°F. 

The microstructure of the Zircaloy-2 cladding 
showed small amounts of uniformly distributed 
hydriding, Analysis showed anaverage hydrogen 
content of 62 ppm. Hydrogen content of the 
Zircaloy at startup was estimated to have been 
50 ppm. A number of clad tubes from which the 
fuel had been removed were hydrostatically 
pressurized to bursting, and the burst pressure 
of the tubes was compared to that for unir- 
radiated tubing. All irradiated tubes showed 
significantly higher bursting pressure. The 
tensile strength of the irradiated clad tubes, 
calculated from the burst pressure, ranged 
from 95,000 to 108,000 psi; the average tensile 
strength for the unirradiated tubes was 81,500 
psi. 
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A number of rods were punctured, and the 
gases released from the rods were analyzed.° 
Helium, introduced into the rod during manu- 
facture, was the primary constituent. Fission- 
gas release was found to vary from 0.19 to 
0.63 per cent. The fractional release of the 
various isotopes was virtually identical. Agree- 
ment with predictions from solid-state diffusion 
theory was found to be within a factor of 2; 
however, accurate prediction of fission-gas 
release is not possible because of uncertainties 
in temperature, equivalent particle radius, den- 
sity effects, etc. The usefulness of these data 
is somewhat limited because of the low burnups 
and low temperatures of the fuel rods. Ingeneral, 
the blanket fuel is operating as expected, andits 
performance tends to confirm the adequacy of 
the design. 


ZvVO,-CaO-UO, Ceramic 
as a Fuel Material 


A new ceramic fuel material has been de- 
veloped at Argonne National Laboratory.’ The 
material, a solid solution of the system ZrO,- 
CaO-UO,, is used in the form of sintered 
compacts in Zircaloy-clad, rod type, fuel ele- 
ments of high enrichment for the Experimental 
Boiling-Water Reactor (EBWR) core 1A. These 
fuel elements are placed in the EBWR in an 
annulus between inner and outer regions of the 
low-enrichment elements that were used in 
core 1. These spike elements are used to add 
reactivity to permit operation of the reactor 
at 100 Mw with fuel elements from the original 
core. 


The composition of the material is as follows: 
UO,, 9.01 wt.%; CaO, 9.07 wt.%; and ZrO,, 81.92 
wt.% The uranium enrichment is 93 per cent. 
Compacts ofthe fuel material were manufactured 
from CaCO3, ZrO,, and U;0g. These compounds 
were powdered, mixed, and then granulated to 
be free flowing. A lubricant was added to the 
granules, and compacts were formed by an 
automatic press. The compacts were sintered 
in air at 1675°C for 12 hr. The use of CaCO, 
and U3;0, as raw materials made it unnecessary 
to sinter in a protective atmosphere. 


The diameter of the sintered compacts was 
0.810 + 0.008 cm. The average density was 
3.97 g/cm®, and the average uranium content 
was 0.316 g/cm*. The coefficient of linear 
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expansion of the sintered compacts was 7,16 x 
we. 

A great deal more information on radiation 
effects, fission-gas release, thermal conduc- 
tivity, melting point, etc., is needed by the 
reactor designer before the fuel material may 
be considered as proved; the material does, 
however, represent a means for incorporating 
highly enriched uranium in an oxide-fueled 
reactor. It is of interest to note that the 
thermal conductivity of unirradiated ZrO, is 
1.13 Btu/(hr)(ft)(°F) at 212°F and 1.41 Btu/ 
(ft)(hr)(°F) at 2500°F. The melting point of 
ZrO, is in the range of 4600 to 5400°F. These 
data suggest that the fuel material may be 
similar to UO, in many respects. The bibliog- 
raphy of reference 27 cites two reports ?*,2% to 
be issued that should contain additional infor- 
mation on the subject. 
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Zirconium and Aluminum Alloys 


New and rather comprehensive data on the me- 
chanical properties of unirradiated Zircaloy-2 
have been reported! by Knolls Atomic Power 
Laboratory (KAPL). Particular attention was 
paid to the effects of grain size, hydrogen con- 
tent, and preferred orientation on the alloy at 
temperatures up to 1100°F. Data were collected 
on the effects of notches on fatigue and tensile 
properties. Information is given in tabular and 
graphic form for the tensile properties, including 
creep and stress-rupture of fine- and coarse- 
grained material, at three levels of hydrogen 
content for notched and unnotched specimens. 
Fatigue data (low-cycle, constant strain) are 
given for similar variables. From the design 
standpoint, the important conclusions are that 
the effect of hydrogen content at the 500-ppm 
level on ductility and tensile properties is not 
as large as has occasionally been assumed and 
that Zircaloy-2 is relatively notch insensitive. 

Recent Hanford data’ indicate that the cor- 
rosion of zirconium alloys in high-temperature 
water is probably a cyclic process with several 
rate transitions rather than a smooth linear rate 
following an initial cubic rate. The cyclic be- 
havior is sometimes masked when average 
weight gains from several samples are used to 
plot corrosion curves, but the layers of cor- 
rosion product shown in the report photomicro- 
graphs appear to substantiate this behavior. 
Autoclave tests were carried out in water and 
steam at 360 and 400°C for periods upto 10,000 
hr, and the data were plotted at rather frequent 
intervals to clarify the true nature of the cor- 
rosion curves. The supposition is made that 
stresses in the oxide film cause periodic 
cracking, followed by an increased rate of 
attack which gradually diminishes until the 
next cracking occurs. 





MATERIALS 


The surface condition of a metal usually has 
a noticeable effect on the corrosion rate, par- 
ticularly on the rate of early attack. A study at 
Bettis’ on Zircaloy-2, in which specimens pre- 
pared by seven different machine tools, with 
sharp and dull cutters and at different feed rates, 
were autoclaved in steam and water in the as- 
machined and pickled condition showed, however, 
no gross differences in corrosion attack, Ex- 
perimental variations from autoclave to auto- 
clave masked some possible minor differences, 
but it was concluded that, if properly sharpened 
tools were used, subsequent pickling or non- 
pickling made no significant difference in cor- 
rosion rates. 

Some recent major difficulties with power 
reactors have been attributed to the low quality 
of the tubing used in fuel-element fabrication, 
These incidents have resulted in considerable 
emphasis being placed on the testing as well 
as on the production of quality tubing. The 
evaluation of the Zircaloy-2 and -4 fuel elements 
for Hanford’s Plutonium Recycle Test Reactor 
is described in some detail in reference 4. The 
major nondestructive tests in the evaluation 
were (1) eddy current, (2) fluorescent dye pene- 
trant, and (3) ultrasonic techniques. The eddy- 
current test was sensitive to dimensional varia- 
tions, and, when present, large cracks, tears, 
and surface inclusions were revealed. Dye 
penetrants located cracks and tears greater 
than 0.001 in. deep and were quite useful on the 
internal surface of the tubes. A chart that 
compared the number of defects found by the 
three tests on a group of 30 tubes would in- 
dicate that the immersion ultrasonic test was 
the most sensitive of the three methods, and 
it is believed to be a fastand effective technique 
for inside-diameter inspection, 

Two destructive tests were also employed. A 
flare test expanded the tube 12 per cent over a 
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steel core; swaging properties were evaluated 
by a 25 per cent free sink. Defects were not 
increased by swaging when the proper techniques 
were employed, and tubing cracks were not 
propagated. Fine-grained Zircaloy was more 
readily worked than the coarse-grained ma- 
terial. 


Irradiated Materials 


The difficulty of designing with Zircaloy-2 
and some other reactor materials is increased 
by the circumstance that much of the pertinent 
information is widely scattered through the 
literature. A recent compilation’ of the data 
on the mechanical properties of irradiated 
Zircaloy-2, zirconium, Zirconium—2.5 per cent 
tin, and the aluminum alloys 1100, 5052, 5057, 
5154, 6061, 6063, XK2219, x8001, and M-257, 
should, therefore, be of considerable assistance 
to the designer. The report summarizes data 
published since 1948 and presents the informa- 
tion in graphical form. Changes in hardness, 
yield strength, ultimate strength, and total elon- 
gation are covered for most of the alloys for 
exposures up to 107! nvt (>1 Mev) at various 
test temperatures. Fatigue, creep, and impact 
strength information is given for certainalloys. 
One of the valuable aspects of such a compila- 
tion is that areas are indicated in which the 
information is inadequate or missing. 


Although considerable work has been reported 
on the effect of irradiation on the stainless 
steels, little information is available on the 
behavior of stainless-steel welds. An investi- 
gation® at Savannah River measured the changes 
in ductility, hardness, and strength in the weld 
metal (type 308) used to join type 304 stainless- 
steel plates for a thermal shield model. Ir- 
radiation levels, from flux traverses, were 
from 2.9 x 1079 to 1.2 x 107! nvt at energies 
greater than 0.1 Mev. Owing to the specimens 
being held below 100°C during the exposure, 
no annealing was possible. The weld metal in- 
creased in ultimate strength from 84,000 to 
104,000 psi, whereas the yield strength in- 
creased from 57,090 to 100,000 psi. After the 
test, the ductility of the weld dropped from 37 
to 16 per cent elongation (unirradiated); how- 
ever, upon irradiation, the elongation of the 
plates themselves fell only from 65 to 41 per 
cent. The changes in ultimate strength of the 
plates were similar to those of the weld metal, 


and the yield strength of the plates likewise 
increased from 35,000 to 91,000 psi. 

The effect of hydrogen content on properties 
of unirradiated Zircaloy-2 was discussed above. 
For irradiated zirconium containing about 1000 
ppm hydrogen, the loss of ductility was almost 
complete at room temperature, and it was found 
that the brittle-to-ductile transition temperature 
was as low as 200°F, whereas the ductility was 
not adversely affected at normal reactor op- 
erating temperatures.’ These tests, carried out 
on the zirconium cladding for the moderator 
graphite of the Sodium Reactor Experiment, 
showed little other deterioration of the metal; 
the few cladding ruptures observed were at- 
tributed to the swelling of the contained graphite. 
The zirconium had been exposed for approxi- 
mately 4500 reactor operating hours at an in- 
tegrated fast-neutron flux in the 107! range and 
at a maximum temperature of 950°F. The 
hydrogen content was attributed to the decom- 
position of an organic pump-seal coolant that 
leaked into the sodium. 
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Reference 1 is a report of a symposium that 
was conducted by the AEC on May 20, 1960, to 
acquaint industry representatives with the equip- 
ment and techniques used in nondestructive 
testing as performed by the Commission, The 
symposium gave a general view of testing 
techniques rather than detailed test descrip- 
tions or discussions of tests of specific items 
of reactor hardware. For material of the 
latter type, which is of more interest to the 
reactor designer, the earlier publications,””* 
may be found more useful. The proceedings 
of a Russian conference on magnetic methods 
of nondestructive testing are presented in ref- 
erence 4; this conference was not directed 
toward nuclear power applications. 


A brief summary of the testing methods 
covered in the AEC symposium is given be- 
low. 


Radiation Techniques 


1. Conventional Radiography. A small source 
of radiation, either an X-ray generator or a 
gamma-emitting radioactive isotope, is placed 
on one side of the object to be radiographed, 
and radiographic film is placed on the opposite 
side of the object. If the object varies in thick- 
ness or contains voids, cracks, inclusions, etc., 
variations in radiation absorption by the object 
will result in an image on the film that shows 
these defects. There is an almost inexhaustible 
list of applications for radiography. Among 
some of the more important applications are 
its use to determine the structural soundness 
of welds, tubing, pressure vessels, and other 
structural materials. Radiography is also quite 
useful in examining reactor fuel elements for 
uniformity of loading with active material and 
in determining the boundaries of clad uranium. 
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2. Autoradiography. The end result of auto- 
radiography is an exposed film, but, in this 
instance, the radioactive source is the object 
being radiographed. This method has been used 
to examine the uniformity of plating thickness 
and to measure coatings of nickel on plutonium, 
of steel on U*®, and of Zircaloy onuranium, 

3. Microradiography. Radiographs are made 
on fine-grain film in order to produce a high- 
quality enlargement. By use of this technique, 
information can be obtained about mixtures of 
materials, such as uranium in graphite, and 
about the detailed structure of agglomerates of 
high-atomic-number materials in graphite. 

4, Fluoroscopy. In fluoroscopy a fluoroscopic 
screen is used—jinstead of film as in radiog- 
raphy —to give a direct “view” of the X-rayed 
object. Fluoroscopy is useful in the rapid 
inspection of components such as fuelelements. 

5. Radiation Gauges. A detector converts the 
radiation, which has passed from a source 
through the material to be gauged, into an 
electrical signal which is then amplified and 
recorded. Specific applications of radiation 
gauges have been the measurement of cladding 
and plating thicknesses, the measurement ofthe 
product of density and thickness, and the meas- 
urement of hydrogen content of metal. 

6. X-Ray Fluorescence. X rays are used to 
excite the atoms of the material under investi- 
gation by photoelectric absorption. Radiation 
emitted by the excited atoms is analyzed in 
terms of intensity and wavelength. This tech- 
nique is used for the identification of atoms 
and for quantitative analysis of uranium or 
plutonium in solution, uranium in ores, and 
uranium or plutonium in aluminum, 

7. Electron Radiography. In electron radiog- 
raphy, film is exposed by the absorption of 
photoelectrons generated near the surface of 
the object under investigation, when the object 
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is exposed to X rays. This method is useful 
for identifying inclusions and for distinguishing 
between elements of high and low atomic number, 
as might be advantageous, for example, in 
examining a uranium-graphite matrix. The 
method has not yet been used in the AEC 
reactor program but does show promise. 

8. Gamma Counting. This technique can be 
used when a component of the material under 
test is itself a gamma emitter. It is used to 
measure the uniformity of U®*®> distribution in 
fuel elements, to assay fuel elements, and to 
ensure proper identification of high and low 
zone-loaded fuel plates. 

9. Gamma Spectrometry. The presence of 
specific gamma emitters can be determined by 
identifying their gamma spectra, or radiation 
from a given emitter can be distinguished from 
that of other emitters that may be present by 
observing the gammas of a characteristic energy 
level. Applications of gamma spectrometry in- 
clude determination of the degree of U?*® en- 
richment, measurement of the uniformity of 
reactor fuel-element loading, assay of uranium 
ores, and assay of solutions of Pu?®® and u?*5, 

10. Electron Microscopy. The electron mi- 
croscope may be used for particle-size deter- 
minations, coating studies, and for the study 
of the crystal structure of materials used for 
fuel elements. 


Ultrasonic Techniques 


Ultrasonic testing involves the use of high- 
frequency mechanical vibrations generated by 
a piezoelectric or an electrostrictive trans- 
ducer. The vibrations usually used cover the 
frequency range from 200 kc to 25 Mc. When 
the vibrations are introduced into a specimen, 
generally through a couplant such as oil or 
water, their reflection, transmission, and scat- 
tering are affected by discontinuities within the 
specimen, and such discontinuities can be de- 
tected by examining the transmitted or reflected 
sound waves after converting these waves to 
electrical oscillations by suitable transducers. 
The electrical data may be observed by a 
cathode-ray oscilloscope or other suitable elec- 
trical detectors. 

1. Reflection or Pulse-Echo. In the reflection 
method the ultrasonic beam is transmitted into 
the part, with reflections being detected from 
the entry surface, the flaw, andthe back surface. 


Applications of this technique include detection 
of flaws in plates, bars, rods, billets, piping, 
tubing, welds, and other fabricated shapes. 
The technique is also used to determine certain 
elastic constants, such as Young’s modulus, 
Poisson’s ratio, the shear modulus of elasticity, 
and the bulk modulus, as well as the velocity 
of sound in the material. The pulse-echo tech- 
nique can also be used for local and remote 
determination of bonding characteristics. 


2. Through Transmission. In through-trans- 
mission testing, the sound beam is transmitted 
by the transducer into and through the specimen 
under examination, and the signal is detected 
by another transducer on the opposite side of 
the specimen. An oscilloscopic display will 
indicate, by the amplitude of the transmitted 
signal, the presence of any condition within the 
specimen which causes reflection, absorption, 
or scatter. This method does not give informa- 
tion concerning the distance of a flaw from the 
entry surface of the part. It does have an 
advantage over the pulse-echo system, however, 
in that it is more readily adaptable to the 
measurement of small, thin parts because of 
the elimination of the “dead zone,” the time 
required for pulse reflection, present in the 
reflection system. One of the most common 
nuclear uses for the transmission method is 
the detection of nonbond areas in clad fuel 
plates. 


3. Resonance. A transducer is used to apply 
an adjustable frequency to a specimen. When 
the frequency is such that the specimen thick- 
ness is an integral number of half-wavelengths, 
a resonant condition will be established which 
is readily detectable on an oscilloscope. Reso- 
nance testing is used almost exclusively for 
measuring thicknesses, either locally or re- 
motely, and for detecting relatively large lami- 
nar defects. This technique can also be used 
to determine the quality of bonding in circular 
rods. 


Electromagnetic Testing 
Technique 


This technique is based on the measurement 
of the change in the magnetic fieldofan exciting 
coil, or system of coils, which is caused by the 
currents induced within a metal part moved 
into the field of the coil. This change may be 
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observed as a change in the impedance of the 
exciting coil or as induced effects in a separate 
sensing coil. The effects are determined by the 
frequency of the exciting current, the character- 
istics of the original field of the coil, and the 
electrical conductivity, magnetic permeability, 
and physical dimensions of the part under test. 
They also are affected by the location of the 
part in the field and the presence of discon- 
tinuities or inhomogeneities within the part. 
The three major areas of effectiveness are 
(1) the identification and sorting of metals 
according to their electrical conductivities and 
permeabilities; (2) the measurement of the 
thickness of thin metal sections, or the thick- 
ness of cladding or shrouding of one metal on 
cr around another; and (3) the detection and 
evaluation of discontinuities and other condi- 
tions in metals relating to their quality. For 
example, electromagnetic testing is useful in 
checking the integrity of coextruded elements 
of Zircaloy-clad uranium. It can also be used 
for detecting thin spots in aluminum cladding, 
where the temperature was not controlled rigidly 
enough during fabrication, and for the inspection 
of large quantities of process tubing. 


Leak-, Thermal-, and Surface - 
Testing Techniques 


1. Leak Testing. Leak testing is often useful 
for the detection of imperfections that are 
inaccessible to standard inspection methods. 
The innumerable variations of this technique 
range from the simple saliva or immersion 
tests to the highly specialized mass spectrom- 
eters that sense only helium. Recent emphasis 
is on the use of the sensitive gaseous leakage 
detectors. Helium testing is a widely used 
technique for finding leaks in fuel elements. 

2. Thermal Testing. The techniques in this 
broad category are quite varied. Heat sources 
may be furnaces, infrared lamps, direct cur- 
rents, hot plates, or eddy currents. The detec- 
tion devices may include visual observation of 
incandescent surfaces, thermometers, bolom- 
eters, or infrared-sensitive photographic emul- 
sions. The “frost” test is an example in which 
reactor fuel elements are chilled and exposed 
to moist air to show regions of poor heat 
conductivity. Thermosensitive phosphors, ma- 
terials that possess a highly temperature- 
sensitive emissivity, are used in conjunction 


with ultraviolet radiation in order to produce 
more precise results concerning conductivity 
than those obtainable with the “frost” test. 
Other thermal tests take advantage of the change 
in liquid surface tension produced by tempera- 
ture variations. As a result of temperature 
gradients, thickness variations are produced 
in the liquid film on a test specimen. These 
variations are observable by utilizing either 
a colored or fluorescent liquid and an ultra- 
violet light. Other sensitive devices detect the 
differences in infrared radiation emitted from 
a surface by means of infrared cameras or 
electronic imaging devices. 

3. Surface Testing. Visual inspection, with 
the aid of such instruments as magnifiers, 
microscopes, and borescopes, is the most 
obvious form of surface testing. Indirect as- 
sistance is given to visual inspection by the 
use of etching, electrified-particle, filtered- 
particle, magnetic-particle, and penetrant- 
testing techniques. Owing to the relatively 
extensive use of refractory metals and stainless 
steels in nuclear reactors, there is considerable 
dependence upon the penetrant tests. There is 
also a definite trend toward a more stringent 
interpretation of test results. Considerable need 
and demand now exist for equipment and tech- 
niques that will extend the virtues of this form 
of testing to surfaces inaccessible to the eye. 
Other surface-testing techniques include the 
use of strain gauges, brittle coatings, photo- 
elastic coatings, surface-roughness- measuring 
devices, and contamination- or inclusion- 
detecting devices. 
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DESIGN PRACTICE; EVALUATION 
OF MATERIAL FATIGUE 


¥ FOR PRESSURE-VESSEL DESIGN 





Fatigue tests on materials are most commonly 
conducted at room temperature, with an alter- 
nating load of constant amplitude, and with a 
constant high rate of cycling. There are rela- 
tively few data available to show effects of 
increased temperature, varying load, and vary- 
ing rate of cycling. From this information 
the designer must often estimate, conserva- 
tively, the life of a component subjected to 
a large variety of complex conditions. This 
situation is thoroughly discussed in a report! 
that also presents a major listing of available 
references on material-fatigue evaluation. 

During the life of a vessel, the loadings to 
which it is subjected are not normally similar 
to the loadings experienced in the testing labo- 
ratory. The rate of loading, the “hold” time, 
and the “rest” time, as well as variations of 
different loadings, are features not generally 
included in material tests. To include them 
would complicate both the material testing and 
the evaluation of test results considerably; 
nevertheless, the designer must include con- 
siderations of these effects in his design in 
some manner. Six conclusions of significance 
to this problem, quoted from reference 1, are 
as follows: 


1. The only existing hypothesis for predicting the 
behavior of a material when subjected to a varying 
amplitude load history of practical significance in 
the analyses of a pressure vessel is Miner’s,[*] so 
modified as to yield conservative estimates of the 
number of cycles to failure. 

2. Other materials hypotheses are based on more 
comprehensive equations for depicting the change 
(i.e., damage) ina material’s characteristics asa 
result of some load experience, but in their final 
form, the very parameters that serve to distinguish 
these hypotheses from Miner’s are removed. In 
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those instances where it is possible to retain one 
of the parameters and thus compare theory with 
experimental evidence, one finds that all the un- 
certainties prevalent in Miner’s hypotheses also 
exist in the other hypotheses, except ina different 
form. In essence, we are replacing one term that 
is sensitive to the particular test history’s charac- 
teristics with another term that is equally sensitive 
to the very same characteristics. 

3. None of the equations for the hypotheses are 
conducive to being used successfully and meaning- 
fully in the analysis of a pressure vessel, since 
even in their most general form, they reflect only 
the cyclic characteristics of the service history 
and exclude the very important aspects of sequence 
of load application. 

4. The fact that the damage concept is an ab- 
straction defeats the very purpose of the so-called 
damage theories—namely, to enable the designer 
to predict the behavior of a material in a complex 
load history on the basis of material information 
acquired in the simpler, constant-amplitude tests. 
It seems quite improbable that the needs of the 
pressure vessel designer, which in the simplest 
sense requires the establishment of time-dependent 
design criteria and comparable design allowables, 
can be satisfied with an arbitrary term like ‘‘dam- 
age.’’ 





*Editor’s Note: Many investigators have studied 
the effect on metals of a range of alternating stresses 
in an effort to predict the point at which the metals 
would fail due to fatigue. The theory proposed by 
Miner® states that the damage D, to the metal due to 
an alternating stress $s; is given by 


D; = ni/N; 


where m; is the number of cycles of stress s; and N; 
is the number of cycles of stress s; to cause failure. 
The theory further states that the metal will fail when 
the summation of damage from the various cyclic 
stresses applied equals unity. 
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5. The controlled-strain fatigue studies currently 
available in the literature are more meaningful to 
the pressure vessel field if for no other reason 
than the fact that the histories involve a relatively 
few number of cycles to failure. However, the data 
generated thus far reflect the relationship between 
number of cycles to failure and some aspect of 
strain and are, in a sense, similar to cyclic load 
data used in developing the P-N equations. As 
such, the manner in which these data can be used 
by the pressure vessel designer is again limited to 
that of comparing one material with another. In 
addition, it is necessary to convert the cyclic strain 
to some equivalent stress quantity so that both the 
experimental results obtained from the materials 
specimens and the computed quantities represent- 
ing the pressure vessel are reduced to the same 
level of abstraction; and this conversion of strain 
to stress is usually accomplished by some arbi- 
trary quantity such as an ‘‘equivalent’’ modulus of 
elasticity. 

6. Aside from those creep and relaxation formu- 
lations dealing with a steady-state, elevated tem- 
perature and constant mechanically applied loads, 
there are no readily discernible trends to which 
the pressure vessel designer can turn to deal with 
the combined effects of time-dependent load and 
time-dependent temperature conditions. For the 
cyclic load with constant amplitude and controlled 
strain type of tests at a constant elevated tem- 
perature, there appear to be relationships between 
stress or strain and the number of cycles to failure 
that are similar in form to those suggested for 
room temperature. For those elevated temperature 
environments where the aspect of time is particu- 


larly conducive to the simultaneous existence of 
fatigue and creep or where fatigue and creep are 
the result of fluctuations of both the mechanically 
applied and thermally induced load, there is little 
in the way of materials information that the de- 
signer can use for a guide beyond the familiar ele- 
vated temperature creep and fatigue information 
that is already incorporated in pressure vessel 
design procedures. 


On the basis of these conclusions, it is 
recommended in reference 1 that material 
studies be initiated which fully recognize that 
changes in an engineering material are complex 
phenomena. It is also recommended! that a 
concerted effort be made to observe and measure 
simultaneously all the phenomenological changes 
that occur in the vessel material during suitable 
test histories. Since these tests could expand 
into a multiplicity of tests and data that only 
further add to the already copious amount of 
data present, investigations would require care- 
ful planning. 
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Xl 





Stainless-Steel Failures 
at Savannah River 


Three failures that were found in various areas 
in the Savannah River Plant occurred in 
stainless-steel components. A report! on these 
stainless-steel failures covers the causes, the 
methods of repair, and suggested means of 
prevention of like occurrences in the future, 

The first type of failure recorded in the 
report was that of stainless-steel tubes in two 
heat exchangers. The heavy-water moderator 
flows through the tubes and ordinary cooling 
water flows through the shell, the directions 
being counterflow. The exchangers were con- 
structed with a type 304L stainless-steel shell 
and type 304 stainless-steel tubes. The tubes 
were rolled into double tube sheets in order to 
reduce the possibility of leakage and to provide 
a space between the tube sheets where leakage, 
if it occurred, could be detected and measured. 
In addition to the rolling, the tubes were also 
welded to the outer tube sheets. The leak- 
collection spaces between the inner and outer 
tube sheets were enclosed with carbon steel 
rings that were gasketed in place. 

Heavy deposits were found on the tubes in the 
leak-collection space at the moderator inlet 
end. These deposits were principally iron oxide, 
which acted as a collector and binder for 
chlorides that were also found in the deposits. 
The tubes showed cracks under these deposits, 
and it was concluded that the cracks were 
caused by stress corrosion. The iron oxide 
source was determined to be corrosion of the 
carbon steel ring that enclosed the leak- 
collection space. This corrosion was attributed 
either to the prolonged outside storage of the 
heat exchangers while awaiting installation or to 
cooling water that had leaked into the space 
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OPERATING EXPERIENCE 


while the exchangers were in use. Metallurgical 
examination showed typical chloride stress- 
corrosion cracks. These cracks were extensive 
both in the heat exchangers that had failed and 
in the others that were also examined in an 
effort to avoid incipient failures. No leaks or 
cracks were found in the main bodies of the 
tubes or in the other ends of the exchangers. 

A search was started for an inhibitor to 
check corrosion in the future. The proper 
inhibitor, when found, will be used for flooding 
the leak-collection space to limit further cor- 
rosion of the tubes and of the carbon steel 
retaining ring. 

The other two failures that were found were 
somewhat similar to each other. Both occurred 
in areas of highly sensitized material and were 
intergranular innature. Sensitization was proba- 
bly produced during the welding process due to 
elevated temperatures and to fairly slow cooling 
in air. The pickling solutions used to clean the 
material during fabrication probably contributed 
to the intergranular corrosion. The first leak 
was in a half-round header that distributed 
deionized water to the bottom shield tank of the 
reactor. The second leak occurred in an outlet 
nozzle through which the D,O moderator-coolant 
flows. 

The welds in the header showed numerous arc 
strikes and a lack of fusion between the beads 
of the welds. The original welds were probably 
responsible for the highly sensitized areas, and 
the intergranular corrosion showed mostly in 
these areas. It was concluded that the damage 
to the material probably occurred during fabri- 
cation, since none of the fluids in contact with 
the metal during operation were corrosive to 
this material, 

In the investigation of the crack in the nozzle, 
a positive determination of the cause is not yet 
apparent, and continuing studies are being made. 


OPERATING EXPERIENCE 


The material was shown to be highly sensitized, 
with intergranular corrosion apparent in the 
sensitized areas. Such corrosion was again 
apparently caused by the pickling solutions used 
during fabrication. The crack apparently started 
on the inside surface of the metal. The evidence 
of intergranular corrosion was about the same 
on both sides; this does not mean that the 
operating fluid caused such corrosion, for the 
evidence is interpreted to indicate that the 
corrosion probably took place during fabrica- 
tion. 


Treatment of Cooling Water 


Each reactor at Calder Hall has four natural- 
draft cooling towers in the cooling-water cir- 
cuits serving the auxiliary equipment. These 
cooling-water systems are closed-circuit sys- 
tems of relatively small capacity. Early in the 
operation of the plant, corrosion developed in 
the circuit, and thus the heat transfer was 
reduced and the small-diameter piping was 
blocked with corrosion products. The piping 
(where necessary) was enlarged, and a search 
was started for a proper water treatment to 
inhibit the corrosion. 

The water supply to these circuits is a very 
soft alkaline water; experience has shown it to 
be aggressive to mild steel. This tendency is 
probably due to some peculiarity of the raw 
water supply at this station, since usually an 
acidic condition produces corrosion. Plugging 
was first experienced in '/,-in.-diameter piping, 
and it also occurred when this size was in- 
creased to 1 in. Corrosion products were also 
deposited in the bends, wherever velocity was 
decreased or the direction of flow was changed. 

Cooling-water circuits 1 and 2, which belong 
to Calder Hall Reactor No. 1, were treated with 
sodium hydroxide for PH control to maintain a 
pH of 8 to 8.5. In addition, circuit 1 was treated 
with sodium chromate with a concentration 
maintained at 200 to 400 ppm. Circuits 3 and 4 
(belonging to Reactor No. 2) were treated with 
the phosphate-delayed chromate (PDC) treat- 
ment;? sodium salts were used in circuit 3, 
and potassium salts were used in circuit 4. 
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The PDC method was originated in the Defense 
Standards Laboratory of the Department of 
Supply in Australia and has been more fully 
described in papers by Ride.’ The system con- 
sists of a cleanup by use of an acid phosphate 
to remove present corrosion and thena chromate 
treatment to inhibit future corrosion. Results 
of these tests indicated that the PDC treatment 
was best and that potassium salts, rather than 
sodium salts, should be used. All circuits were 
then changed over to the PDC treatment at 
Calder, and no further signs of plugging or loss 
of heat transfer (cooling capacity) were ex- 
perienced. The PDC system was also tried at 
Chapelcross and Dounreay, and the results 
have been satisfactory; some small differences 
have been attributed to the differences in the 
raw water supply. 


In the laboratory, three identical loops were 
built. These all received the PDC treatment, 
but variations of PH were introduced by control 
with NaOH. The results were almost identical, 
and the variations were so small that the 
benefits derived did not justify the cost of the 
chemical for pH control. Therefore the PDC 
system without the pH control was judged best. 
The superiority of potassium salts over sodium 
salts for this use is not understood at this 
time. 


The phosphate concentration was allowed to 
fall after initial cleanup without loss of corro- 
sion protection. In the case of hard raw water 
makeup supply, some phosphate excess may be 
maintained to soften the water and to prevent 
scale formation. 
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PRESSURIZED-WATER REACTORS: 


XII INTERNAL PRESSURIZATION 





The conventional method of pressurizing a 
pressurized-water reactor system utilizes a 
separate pressure vessel in which water is 
maintained at saturation temperature in equi- 
librium with a volume of saturated steam. The 
pressurizer accommodates volume surges from 
the reactor system and minimizes the associ- 
ated pressure surges by means of spray noz- 
zles and electrical heaters, 

Reference 1 discusses and evaluates two other 
possible methods of internal pressurization, in- 
tegral pressurization, and self-pressurization. 
With integral pressurization the conventional 
pressurizer system is installed inside the re- 
actor vessel, and its operation is identical to 
that of the conventional pressurizer. With self- 
pressurization the water from the reactor core 
is at saturation temperature. A steam volume 
is formed in the dome of the reactor vessel, 
but baffles, sprays, and heaters are not used. 
In fact, the reactor is similar to a boiling- 
water reactor except that the void fraction in 
the core is kept at a low value. In the self- 
pressurized pressurized-water reactor con- 
sidered in the reference, the void fraction was 
maintained at about 0.8 per cent, whereas ina 
boiling-water reactor typical values are 10 to 
20 times larger. 

The objective of the report! was to determine 
the “potential” cost advantage of internal pres- 
surization relative to external pressurization. 
The advanced pressurized-water study reported 
in reference 2 was used as the source of design 
data and cost information for the basic reactor. 

The use of an integral pressurizer entails 
the following changes from conventional 
pressurized-water design: 

1. The separate pressurizer vessel is 
eliminated. 

2. The reactor vessel is made higher to ac- 
commodate the pressurizer equipment. 


78 


3. Spray nozzles and electric heaters are 
incorporated in the dome of the reactor vessel. 

4. Baffles and seals are also incorporated in 
the dome in order to minimize the mixing of 
the reactor outlet water (subcooled) with the 
pressurizer water (saturated). 

5. In the particular case studied, the control- 
rod drives had to be moved from the top of the 
vessel to the bottom to avoid interference with 
the pressurizer equipment. 


The reference concluded (1) that, although a 
saving results from elimination of the separate 
pressurizer vessel, the saving is more than 
offset by the complications added to the reactor 
vessel and (2) that no net economic advantage 
is gained with the integral pressurizer. 

Self-pressurization involves the following 
changes from conventional pressurized-water 
design: 

1. The separate pressurizer vessel and as- 
sociated equipment are eliminated. 

2. The reactor vessel is made higher to ac- 
commodate the steam volume. 

3. The outlet water temperature from the re- 
actor core is raised to saturation temperature. 


Although the reactor vessel height is in- 
creased, there is no additional complexity due 
to baffles, heaters, or sprays. 

Much of the information used in reference 1 
relative to the design of the self-pressurized 
system was taken from reference 3. Refer- 
ence 3 establishes the preliminary feasibility 
of the concept, but additional studies are rec- 
ommended, which include a detailed analysis 
of the operating and control characteristics of 
the self-pressurized pressurized-water reactor 
during transient conditions, a study of the 
steam-water interaction in the steam dome 
under transient conditions, and a detailed plant 
design for cost purposes, 
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The over-all thermal efficiency of the plant 
can be increased when the reactor coolant op- 
erates at saturation temperature, since the 
higher water temperature in the primary loop 
permits better steam conditions in the second- 
ary loop. In the case considered in reference 3, 
the net electrical output increased from 236.4 
to 241.1 Mw/(e), for the same reactor output, 
when the change from external pressurization 
to self-pressurization was made. 

It is indicated that a potential economic ad- 
vantage is available for the self-pressurized 
reactor, at least in some cases. There is a 
small saving in capital investment, since the 
extra cost of the reactor pressure vessel is 
judged to be less than the cost of the separate 
pressurizer vessel and its internal components. 
The major improvement, however, results from 
the increased efficiency of the over-all cycle; 
the reference® estimates that, by operating the 
reactor at saturation temperature, the total 
power cost could be reduced approximately 2 per 
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cent. It is well to point out, however, that, if the 
maximum heat flux in the reactor under con- 
sideration is near the burnout limit, the effect 
of self-pressurization on the burnout limit must 
be considered. 
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XIll 





Compatibility of Graphite and Gas 


Representatives from nuclear establishments in 
the United States and the United Kingdom metat 
Oak Ridge National Laboratory (ORNL) in Feb- 
ruary 1960 to discuss compatibility problems 
associated with the use of graphite in gas- 
cooled reactors. The proceedings of this meet- 
ing! point out (1) the existing limited under- 
standing of the basic interactions between 
graphite and gas coolants, (2) the experimental 
work that is presently being carried out, and 
(3) the need for further experimental work 
before sound predictions can be incorporated 
into the design of gas-cooled reactors. It was 
pointed out that, “from a practical reactor 
standpoint, the greatest difficulty arises from 
inability to extrapolate from small-scale ex- 
periments to the different geometry and flow 
conditions of a reactor, from uncertainty about 
the relation of carbon loss to CO formation, 
and from uncertainty about carbon transport as 
distinct from net carbon loss.” 


Experiments in the British Experimental 
Pile O (BEPO) indicate that temperature affects 
the radiation-induced reaction of graphite as 
follows: 


1. In the range 100 to 600°C, there is little 
effect, and reaction rate varies by only a 
factor of 2. 

2. The high initial rate of CO production is 
attributed partly to thermal processes leading 
to a change of surface oxide condition. The 
subsequent constant rate results from radia- 
tion processes. 

3. At 650°C the increased rate of CO produc- 
tion is probably due to thermal decomposition 
of surface oxide. 

4, A slow decrease in the rate of CO produc- 
tion with increasing concentration at 650°C 
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suggests the possibility of an approach to 
equilibrium, but a realistic estimate of the 
equilibrium position was not possible. 


Studies show that CO alone is not significantly 
decomposed by alpha, gamma, or pile irradia- 
tion, but that irradiation produces a reactive 
oxidizing species, and that, in the presence of 
some oxidizable material, significant decompo- 
sition is achieved. Experiments that used C'4 
showed no transfer of C‘* to the gas phase 
under ordinary conditions unless the C'* was 
irradiated in a reactive gas; measurements 
made in the presence and in the absence of 
gamma radiation have shown no significant 
differences for air-oxidation rates at 400 or 
450°C, either with virgin graphite or with 
graphite taken from BEPO core. Measurements 
of air-oxidation rates for graphite samples 
taken from the moderator of BEPO have, 
however, given values considerably greater 
than for the original graphite. Some enhance- 
ment was thought to be due to the irradiation 
itself, but a much greater enhancement was felt 
to be due to catalysts deposited on the surface 
of fuel channels. 


Tests in BEPO at 80 and 500°C and ina 
gamma-radiation source at 30°C indicated that 
the production of CO from CO, and carbon is 
not very dependent on the nature of the carbon 
(graphitic or amorphous); other variables, such 
as gas pressure, solid-to-gas ratio, and geo- 
metrical arrangement, were found to have large 
effects that could be qualitatively explained in 
terms of competition of the gas phase and the 
solid phase for the oxidizing species (oxygen 
atoms or ozone). The CO decomposes under ir- 
radiation to give CO, anda solid, whichis thought 
to be a suboxide of carbon, It appears that the 
production of CO is opposed by some process 
that increases in rate as CO concentration 
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increases; however, it has not been determined 
whether irradiation-induced decomposition can 
qualitatively account for the retardation ob- 
served. There is some evidence of a decrease 
in the carbontransport rate as the CO concentra- 
tion increases, but, even in pure CO, it is still 
possible to get a substantial carbon transport. 


Materials for GCRE-II 


The Gas-Cooled Reactor Experiment-II 
(GCRE-II) is a power reactor having fuel ele- 
ments that are composed wholly or partially 
of a homogeneous dispersion of uranium in 
graphite. A brief description of the GCRE-II 
reactor is given in the September 1959 issue of 
Power Reactor Technology, Vol. 2, No. 4, page 
82. The fuel for this reactor must permit little 
or no fission-product release to the coolant gas 
during operation lifetime. Although the most 
advanced form of the fuel is to be capable of 
operation in air, the immediate objective is 
operation in an atmosphere of 99.5 vol.% N, and 
0.5 vol.% O,. 

One of the fuel elements considered to be 
most promising for the GCRE-II is shown in 
Fig. XIII-1. This type of element consists of a 
fueled graphite cylinder encased in a metal can. 
An unfueled external graphite cylinder provides 
the necessary structural support to withstand 
the dead load of the fuel-element array and 
defines the area of the coolant channels. The 
metal can also provides an impermeable barrier 
to fission products. A silicon—silicon carbide 
coating on the outside surface of the unfueled 
graphite cylinder prevents corrosion and erosion 
by the coolant gas. 

The GCRE-II support studies, conducted up to 
Aug. 1, 1960, indicated that the fuel element will 
be fueled with a homogeneous dispersion of UC 
or UO, particles 100 to150u indiameter, coated 
with 10 to 20 » of refractory oxide, metal, or 
carbide, compatible with both fuel and graphite 
at operating and process temperatures.’ The 
minimum diameter of 100 -L was selected to 
minimize fission damage to the matrix, Fission 
damage from 100-y.-diameter UO, particles is 
expected to be about 5 per cent of the damage 
that would result from the homogeneous case. 

The major experimental effort on graphite will 
be devoted to exploration of the variations with 
temperature of physical and mechanical proper- 
ties of a composite, baked carbon-graphite body. 
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Fig. XIII-1 Semihomogeneous fuel element.” 


The low processing temperature (760°C) of this 
material during manufacture is expected to 
simplify retention of the geometric stability of 
fuel-particle dispersions. At the processing 
temperature for standard graphites (2500°C or 
above), it is virtually impossible to retain 
original fuel-particle dispersion without ag- 
glomeration or smearing of the fuel throughout 
the entire matrix. 

A two-step process for applying a coating 
in which siliconand silicon carbide are distinctly 
separate layers of the coating is being investi- 
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gated. This coating is expected to prevent 
graphite from removing the O, in the coolant 
and, by use of atmospheric air as a coolant, 
to permit operation of the reactor for short 
periods of time in an emergency. K-monel 
appears to possess the most desirable proper- 
ties of metals that were screen-tested (zir- 
conium, Zircaloy-2, A-nickel, and K-Monel) 
for use as an interlayer material between the 
graphite fuel body and the unfueled graphite 
can, 


Shaft Seals 


Seals that are capable of meeting the stringent 
requirements of reliability for the prevention of 
leakage of radioactivity primary coolant gas and 
for the prevention of inleakage of contaminating 
lubricants to the primary coolant gas have been 
unavailable from commercial sources. Owing to 
the complex experimental work involved in 
developing such seals, the various groups in- 
terested in gas-cooled reactors have initiated 
their own development programs in an effort to 
produce a seal suitable for their particular 
needs. The work that has been and is being 
done by various groups was presented at a 
meeting held at Oak Ridge National Laboratory 
in December 1959. The record of this meeting, 
which is the source of the information presented 
here, is reported in reference 3. 


The floating bushing buffered by oil, water, or 
gas (in combination with oil or water) is the 
seal generally adopted by the different groups. 
A schematic diagram of the seal is shown in 
Fig. XIII-2. The water-buffered seal is being 
considered for use in the Experimental Gas- 
Cooled Reactor blowers and in the GCRE-I, 
whereas a combination oil and gas buffer, or 
an oil buffer alone, is being considered for use 
in the Maritime Gas-Cooled Reactor blowers 
and turbines. The buffered-floating-bushing type 
seal, which is expected to fail slowly, was 
selected because it is thought to be more 
reliable than the mechanical-face type seals, 
which can fail suddenly with no prior indication 
of pending failure. 


The effects of eccentricity, surface finish, 
geometry of the seal, etc., in bushing type 
seals are not understood, and experiments are 
being conducted at ORNL to investigate these 
effects both on rate of outleakage and on dif- 
fusion of buffer fluid into the primary gas. The 
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Fig. XIII-2 Floating-bushing seal, constant diame- 
ter. 1, journal bearing. 2, floating seal. 3, O-ring 
secondary seal. 4, static seal assembly. 5, O-ring. 


rate of outleakage must be minimized to reduce 
the work load on the seal-gas cleanup system, 
and the rate of diffusion into the gas by buffer 
fluid must be minimized because of the detri- 
mental effects of water and oils onthe materials 
in the reactor. 

In tests on mechanical-face seals, Battelle 
Memorial Institute investigators found no ma- 
terial combination that would ensure 5000 hr of 
operation, Seal stability was found to be a 
problem with metal bellows seals at high 
speeds; i.e., the spring-loaded seals tended to 
flutter. 

The general approach to small auxiliary 
blowers for gas-cooled reactors and test loops 
was to use canned blowers with gas bearings 
(hydrostatic and hydrodynamic), grease-packed 
bearings, and oil-lubricated bearings. These 
approaches eliminate the problem of external 
leakage, but, except for the gas-bearing type, 
they are still subject to the possibility of 
contamination of the primary gas. However, 
none of the groups using the different types 
of canned compressors expressed any dissatis- 
faction with respect to the degree of contamina- 
tion encountered. The gas-bearing compressor 
uses no seals between the motor and the 
impeller; however, for the oil- and grease- 
lubricated compressors, labyrinths and oil seals 
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are used. The grease-lubricated bearing offers 
less problems with respect to contamination of 
the primary coolant than the oil-lubricated 
bearing, but it has a shorter life expectancy 
(~3000 hr). 
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SODIUM-COOLED REACTORS: 


XIV SRE FUEL-ELEMENT DAMAGE 





A discussion of the fuel-element damage that 
occurred in the Sodium Reactor Experiment 
(SRE) in 1959 was given in the March 1960 is- 
sue of Power Reactor Technology, Vol. 3, No. 2, 
pages 60 to 64; the discussion was based on an 
interim report by an Atomics International Ad 
Hoc Committee for investigation of the SRE dif- 
ficulties.' The final report? of the Ad Hoc Com- 
mittee has been issued. 

The initial step taken in restoring the reactor 
to operating condition was the removal of the 43 
fuel elements. The element is illustrated in 
Fig. XIV-1. Thirteen elements were damaged; 
ten of the damaged elements separated upon 
removal, leaving the lower half within the proc- 
ess tube of the moderator can, The hanger rods 
and shield plugs of two stuck elements (R-24 
and R-76) were intentionally separated from 
their respective fuel clusters by rotation of the 
shield plugs. After removal of the 30 sound fuel 
elements, one complete but defective element, 
and the upper half of the 10 parted elements, 
the sodium was drained from the core andelec- 
tric heaters were used to maintain the core at 
350°F. Remote examination revealed a layer of 
black, flocculent, carbonaceous-appearing ma- 
terial on top of the core. On top of this layer, 
scattered at random, were about 82 separated 
fuel slugs, bits of fuel cladding, and several 
pieces of wire scrap that had fallen on top of 
the core during removal of the damaged fuel 
elements. These items were removed by grap- 
ples that were fitted through a fuel-plug open- 
ing in the top shield. The flocculent carbonace- 
ous material was removed by vacuuming the top 
of the moderator cans. 

The moderator cans were inspected to detect 
sodium inleakage. This was accomplished by two 
different techniques: (1) the use of an induction 
probe lowered through a thimble that was placed 
in the moderator-can fuel channel to detect the 


84 







Hanger Rod 


Helium —Filled 
Expansion Space 


Nak 


Fuel—Rod Jacket 


b. 


6—in. Fuel 
Slugs (42) 


a 


0.010-in. S.S. Tube 


0.010-in. NaK Bond 








0.75-in. Slug Dia. 





Sec A-A 





0.90-in. (Typical) 





Seven—Rod 
Element 


Fig. XIV-1 SRE fuel element.! 


SODIUM-COOLED REACTORS: SRE FUEL-ELEMENT DAMAGE 85 


electrical resistance change expected in sodium- 
saturated graphite and (2) the use of a height 
probe to measure the height of the can to detect 
the 1 to 1.5 per cent dilation of graphite that 
accompanies sodium absorption. Both methods 
indicated leaks in two moderator cans. The two 
leaky cans and the 12 cans that contained dam- 
aged fuel elements were removed. 

During the moderator-can-removal operation, 
all the cans that were removed were inspected 
for carbon deposit. No carbon deposit was ob- 
served on the sides of the cans that were moved 
or on the six adjacent can panels; however, a 
light carbonaceous deposit was noted on the 
bottom of some cans. The top of the grid plate 
had a very thin and somewhat mottled dark 
coating; however, the amount was not sufficient 
to warrant its removal. The sodium level in 
the lower plenum was then reduced to approxi- 
mately ', in. in the deepest area. This left 
several sodium puddles and exposed about one- 
half of the core tank bottom, which was clean 
and bright. Two fuel slugs on the floor of the 
tank were removed. The system was refilled 
with sodium, and the sodium was circulated for 
seven days (at 600°F) to check for additional 
leaky cans. Three of the moderator cans leaked. 
The cause of the failure of two ofthe three cans 
was established to be mechanical damage during 
cleaning operations; in each case a short, welded 
pumpout tube, used during manufacture, was 
broken off. The third can was not examined in 
detail, but it is believed to have suffered the 
same damage. A second inspection of the sodium 
inleakage showed that all remaining and all re- 
placement cans were sound. 

The moderator can (R-24) that contained a 
stuck fuel element was sectioned axially, and 
the outer can and graphite were removed. The 
zirconium process tube was then cut axially and 
the tube was opened, exposing the fuel element. 
The following features were noted in the opened 
and exposed element: (1) there was a black 
spongy plug in the channel below the element, 
(2) a solid plug of material was located about 
1 ft above the bottom of the fuel rods, (3) the 
iron-uranium alloy melt-through area was lo- 
cated about one-third of the way up the element 
and extended for several inches, and (4) there 
was a region above the melt-through where 
cladding had distended until it ruptured. The 
solid plug was determined metallographically 
to consist of an iron-uranium alloy of near- 
eutectic composition. Its source was the melt- 





through area above, from which aniron-uranium 
alloy, formed near the surface of the slugs, 
penetrated and destroyed the cladding. Experi- 
ments on iron-uranium diffusion couples were 
also conducted with unirradiated material, and 
the microstructure of the couples was found to 
be similar to that of specimens taken from the 
broken elements. 


Samples from the cladding break above the 
melt-through area were examined by metallo- 
graphic and chemical analyses for evidence of 
carburization, nitriding, and iron-uranium dif- 
fusion. The results showed negligible carburi- 
zation and nitriding except in samples taken 
near the area of melt-through; such specimens 
were found to contain as much as four times 
the carbon content of the original material. 
There was no evidence of iron-uranium diffu- 
sion in the cladding break area; the failure was 
attributed to swelling of the fuel by thermal 
cycling. Supplementary experimental thermal- 
cycling tests were conducted on unirradiated 
uranium. Two capsules, similar in geometry to 
an SRE fuel rod, were thermally cycled between 
900 and 1300°F. This cycling of the fuel through 
the a-8 phase, at a frequency of about 4 cycles 
per hour, caused the cladding to burst within 
24 hr. The diameters of individual slugs that 
were removed from the reactor ranged up to 
0.95 in.; the original value was 0.75 in. The 
distorted slugs were severely out of round, and, 
in one case, the wire wrap was deeply embedded 
in the clad slug. The surfaces of the slugs had 
a barklike appearance with severe cracks. The 
pronounced localization of the high-temperature 
regions in the fuel channels is demonstrated by 
the slug shown in Fig. XIV-2, one end of which 
is in good condition. Four of the apparently un- 
damaged elements were examined in detail; 
cladding and fuel slugs from these elements 
were completely normal. 

A sample of the spongy plug material that 
was immersed in alcohol partly dissolved; 
this indicated that it had a substantial sodium 
content. The insoluble residue appeared to be 
primarily carbon. The porosity of the plugging 
material to sodium flow was demonstrated by 
the fact that the channel drained when sodium 
was removed from the reactor. 


A detailed analysis of the channel outlet tem- 
perature data revealed that the flow of coolant, 
in the channels that contained broken elements, 
was at least 30 per cent of normal flow and that 
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Fig. XIV-2 Fuel slug” from element of channel R-21. 


the outlet temperatures of some of the partially 
plugged channels cycled through a range of about 
50°F. With one-third of the nominal flow through 
the channel at the power level of run14 (the run 
wherein the damage occurred), the design tem- 
perature limits for the fuel element could notbe 
exceeded unless the plugs interfered locally 
with heat transfer. In order to reach the fuel 
temperatures observed, it would have beennec- 
essary for the plug to occupy the region of fail- 
ure at the time of failure. Calculation indicated 
that if the plug were nonporous, it would have 
to occupy about 75 per cent of the flow area for 
the full length of the channel to reduce the flow 
to one-third, With some flow through the plug, 
the plug would have to occupy a still larger 
fraction of the channel flow area. 

Linear extrapolation of temperature from ele- 
ment R-55 thermocouple data, obtained on 
July 22, 1959, yielded a value of 1730°F at the 
highest neutron-flux region. The final report? 
states that, at this temperature, it is likely that 
sodium boiling occurred in element R-55. The 
concept of boiling of sodium, with flow being 
90 per cent of nominal full flow, throws some 
light on the nature of the plugs in the channel. 
In order to reach these higher temperatures, a 
substantial degree of insulation of the fuel rods 
from the sodium flow was required. Such insu- 
lation could not be obtained with a plug that con- 
tained substantial amounts of liquid sodium, and 
it is difficult to escape the conclusion that the 
plug contained gas bubbles. The gas could have 
been helium or hydrogen, but sodium vapor 


seems a likely contributor. Vapor, once formed 
in a small section of the plug, would tend to 
propagate throughout the plug volume, With this 
type of plug, variation in flow can readily be 
ascribed to boiling of sodium. The cycling of 
element R-55 channel outlet temperature dem- 
onstrated a corresponding variation in flow. 
Similar oscillations, with a similar period, 
have been observed in an experimental sodium 
boiling-condensing apparatus at Atomics Inter- 
national. 


The conclusions reached in the final report 
as to the sequence of events leading to the fuel- 
element failures were as follows: 


a. Tetralinslowly leaked intothe primary sodium 
via afreeze seal on the main primary pump. The 
Tetralin leaked into 1000°F sodium for a period of 
about 5 days. The reactor was shut down to repair 
the pump, the Tetralin continuing to leak into 350°F 
sodium for an additional 9 days. 

b. Nitrogen was admitted to the system to purge 
the sodium of Tetralin and some of its decomposi- 
tion products. Seventeen fuel elements were re- 
moved from the core for this operation. These were 
viewed in the handling machine and appeared to be 
in good condition. 

c. The pump and fuel elements were reinstalled 
and run 14 started at low power. Carbon and other 
Tetralin decomposition products, as well as quanti- 
ties of oxide, were still present in the core, though 
undetected. Partial plugging of several fuel chan- 
nels is evident from the spread in fuel channel out- 
let temperatures. 


d. The partial plugs in the channels were located 
randomly in the core and in the channels, It is pos- 
sible that some of the elements were plugged before 
the run started. A few of those which had been re- 
moved and reinserted between runs 13 and 14 
plugged shortly after reinsertion. 

e. In addition to excluding coolant locally, the 
plugs resulted in fluctuations in coolant flow. The 
fluctuation in flow produced severe thermal cycling 
of the fuel. The thermal cycling caused the fuel 
slugs to expand to such an extent that the cladding 
tubes were ruptured. The severity of the fuel dis- 
tortion forces the conclusion that the fuel was cy- 
cled through the uranium a-f phase transformation 
temperature (1220°F). In at least one area (the 
*‘burst’’ area of the element from R-24) the tem- 
peratures were not sufficiently high to promote 
accelerated iron-uranium diffusion. 

f. The plugging interfered locally with heat trans- 
fer to such an extent that very high (above 1400°F) 
temperatures were reached in several places even 
at low power, and iron-uranium alloys were formed 
and melted, 
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In order to determine operability of the SRE 
after the fuel-element damage, it was necessary, 
as part of the investigation, to determine its 
physical condition. The impurities potentially 
present in the SRE sodium, which could con- 
tribute to metallurgical changes in structural 
members, were carbon, hydrogen, nitrogen, 
and oxygen. Carbon was present primarily as a 
result of thermal decomposition of Tetralin and 
possibly from dissolution of graphite from 
ruptured moderator cans. Hydrogen is also a 
decomposition product of Tetralin. Nitrogen 
was introduced during the attempt to remove 
the Tetralin by stripping; some oxygen was 
introduced along with the nitrogen, but inleak- 
age of air during shutdown operation was also 
a major contributor of both elements. Fission 
products (present in the system since the fuel 
elements were damaged) were not present in 
amounts sufficient to cause any significant 
metallurgical changes in the structural materi- 
als in the system. 

Type 304 stainless steel that is exposed to 
carbon-saturated sodium at elevated tempera- 
ture is subject to carburization at the grain 
boundaries or by volume. Tests of stainless- 
steel specimens showed that no appreciable 
amount of carburization had occurred except in 
sections of the fuel cladding that were located 
near failures. Examination of specimens of fuel 
cladding (0.010-in, wall) taken from points dis- 
tant from failures, sections of the upper ele- 
ment hardware, and a small section of piping 
proved that no general carburization occurred. 
However, the carburizing potential of the SRE 
sodium remains in doubt, since visual evidence 
of solid carbonaceous material in the sodium 
indicates the possibility of achieving saturation 
of the stainless-steel components. In order to 
avoid possible extensive carburization of the 
type 304 stainless-steel fuel cladding during 
future operation, maximum operating tempera- 
tures will be limited initially to 800°F at the 
sodium-cladding interface. This limitation will 
be modified after carbon has been removed by 
hot trapping, a satisfactory carbon level to be 
indicated by examination of thin tabs exposed in 
the upper sodium pool. The limitation is de- 
signed to protect the fuel cladding, the most 
susceptible material in the system since it op- 
erates at the maximum temperature and is only 
0.010-in. thick. Steps to prevent carburization 
of the cladding will automatically protect the 
remainder of the primary system. 





Although traces of nitrogen may still remain 
in the sodium in the SRE primary system, no 
evidence of nitriding was obtained from metal- 
lurgical examination of samples taken from 
fuel-element hanger rods. Analysis of tabs of 
stainless steel suspended in the sodium pool 
over the core provides a means of detecting 
any nitriding that may occur during future op- 
eration of the reactor. 

The probability of zirconium moderator-can 
failure may have increased, since samples, 
taken from damaged moderator cans, indicated 
hydriding over a range of about 100 to 1000 ppm 
hydrogen. Hydriding of zirconium reduces its 
ductility; however, the ductilities of the hydrided 
samples at SRE operating temperature were 
similar to those of 40-ppm material at room 
temperature, 

The final report concluded that the causes of 
reactivity changes were as follows: 


1. The 0.3 per cent reactivity increase that 
occurred in a 6-hr period on May 30, 1959, was 
probably caused by displacement of some of the 
core sodium by bubbles. This reactivity change 
is the best indicator of the start of the Tetralin 
leak. 

2. Sodium entry into moderator cans, in posi- 
tions R-10 and R-42, caused the reactivity loss 
of about 1.2 per cent during the first three or 
four days of run 14, These moderator cans prob- 
ably failed because of abnormal temperature 
conditions in the core during run 14. 

3. The 0.3 per cent reactivity increase, which 
put the reactor on a 7.5-sec period and which 
produced an excursion to about 70 per cent of 
full power, is most likely caused by expulsion 
of sodium from several fuel channels in quick 
succession, 


Modifications have been made to the SRE sys- 
tem in order to minimize the possibility of a 
second major SRE fuel-element failure. These 
modifications and others were briefly summa- 
rized in the March 1961 issue of Power Reactor 
Technology, Vol. 4, No. 4. 
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XV ORGANIC-COOLED REACTOR 





The conceptual design and the objectives of the 
Experimental Organic-Cooled Reactor (EOCR) 
are described in reference 1; the final design, 
based on the conceptual, is described in refer- 
ences 2 and 3. This reactor is intended to 
supply the experimental facilities presently 
needed, as well as the future extrapolated ex- 
perimental needs, for testing organic-cooled 
power-reactor fuels and moderators. For this 
purpose, provisions are made for several ex- 
perimental loops in a core design that will also 
accommodate large power-reactor elements. 
A choice of power levels is proposed: 40 Mw 
at 500°F inlet temperature, 20 Mw at 700°F, or 
intermediate temperature and power combina- 
tions. 

Research programs proposed for EOCR in- 
clude fuel testing, organic testing, heat-transfer 
tests, physics tests involving various core con- 
figurations, and the testing of auxiliary process- 
ing equipment. Fuel elements made with 
sintered UO, pellets clad with finned tubes of 
aluminum powdered metal are of interest in the 
early EOCR test program. Pyrolysis, radioly- 
sis, and fouling characteristics of possible 
organic coolants will be studied under power- 
reactor conditions, with initial tests aimed at 
predicting radiolysis of coolants such as Santo- 
wax R and Santowax OMP. Methods of im- 
proving heat transfer, such as the use of coolant 
additives to alter viscosity, will be studied; 
flow stability, fouling, and heat-transfer char- 
acteristics will be investigated under conditions 
of forced convection, nucleate boiling, bulk 
boiling, and natural-convection nucleate boiling. 
Power flattening, burnup effects on reactivity, 
and moderator control studies are included in 
the proposed low- and high-power physics tests. 
Emphasis will also be placed on the study of 
different methods of maintaining the organic 
coolant in view of the economic importance of 
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organic makeup in an organic-cooled power re- 
actor. 

The core of the EOCR, shown in Fig. XV-1, 
contains rectangular fuel assemblies, 4 by 6'/, 
in. in cross section, and 4- by 4-in. control 
rods, spaced on 5,75-in.-square centers. There 
are 37 major core positions, 20 of which are 
occupied by driver fuel assemblies, 12 by con- 
trol rods with fuel followers, and 5 by experi- 
ments. Surrounding the reactor core proper 
are 16 locations for power-reactor test as- 
semblies; driver fuel elements can also be 
located in these positions. There are five in- 
core test regions 6.5 by 6.5 in. square, each of 
which may contain one or more of the following: 


1. 6.0-in. large test loop 
2. 2.5-in, small test loop 
3. 2.5-in. rabbit facility 
4, 1.5-in, lead type tube 


The loops in these test positions are located 
within a 6.5-in.-square aluminum filler block. 
Other facilities are located in the reflector 
region, The requirement that either a large 
loop or a power-reactor fuel element be ac- 
commodated in any lattice location was con- 
trolling in fixing the 5.75-in, fuel-element 
spacing. The length of the fuel plates in the 
core is 36 in., but provisions are made to ac- 
commodate core heights up to 4.5 ft. Santowax 
OMP is used as the core coolant, moderator, 
and reflector, operating at 500°F inlet tem- 
perature for a reactor power of 40 Mw(t) and at 
700°F for a power of 20 Mwi(t). 

An EOCR fuel assembly is composed of a 4- 
by 6'/,-in. rectangular box, which consists of 
two subassemblies. Each subassembly contains 
28 active plates and 1 dummy spacer plate. 
The 0.030-in.-thick fuel plates are made of 
0.020-in, enriched UO,-—stainless steel with 
0.005-in. stainless-steel cladding and are con- 
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Fig. XV-1 EOCR plan view. 


tained in a box with 0.100-in. walls. The fuel- Table XV-1 EOCR CORE AND COOLANT OPERATING 
>1,3 
plate spacing is 0.100 in. CONDITIONS 
Control-rod assemblies are of the fuel- 





‘ 2 Even? React wer, Mw 20 to 40 
follower type with the fuel section similar to a nin roe i 
Maximum /average heat flux in driver 
regular fuel subassembly. A hollow square box assemblies (end of life) 4 
is used, and it is made of 0.25-in.-thick boron Average heat flux (end of life), 

; ; ; x 108 
stainless steel that is clad with stainless steel. ah ft) ae aan 
With the lattice spacing set by dimensions of “a cabal 
test loops and power-reactor fuel elements, Burnout heat flux at hot spot (beginning 
three other major factors in fixing the core of life), Btu/(hr)(sq ft) 580,000 
design were (1) limiting of the organic flow to Maximum nominal twali at hot spot, °F 850 
25.000 1/ ion (2 py the fl in th Inlet coolant temperature, °F 500 

’ ga Samat ( ) Ct; © sux in the Outlet coolant temperature (at 40 Mw), °F 525 
test facilities rather thaninthe driver elements; Operating pressure (outlet), psi 157 
and (3) restricting the core structural material Maximum coolant velocity 
to stainless steel in fuel-element channel, ft/sec 18 

i ce f : Minimum coolant velocity in fuel- 

The total excess reactivity requirement is element channel, ft/sec 9 
12 per cent Akeff; it is controlled by a total rod Coolant flow rate through driver 
worth of about 20 per cent Ak gsr. The average fuel elements and control rods, 
thermal flux in the driver elements is 2.4 10'° olin oo 

2 Z Total flow through reactor, gal/min 25,000 
neutrons/(cm*)(sec), and the maximum fast flux Core pressure drop, psi 40 
is 1.2x 10'4 neutrons/(cm?)(sec). Twokilograms Heat-transfer area per element, sq ft 72.7 
of U*> are used in one 93.5 per cent enriched Total core heat-transfer area 


(20 driver fuel elements plus 
12 control-rod fuel followers), sq ft 2015 


fuel element; 55 kg are contained in the 32 fuel 
units (20 driver fuel elements plus 12 control- 
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rod followers). Table XV-1 lists core and 
coolant operating conditions. 

Design pressure for the reactor vessel is 
335 psig, with a bulk coolant temperature of 
850°F. The vessel is fabricated of carbon steel 
SA-204 grade A, has a 1.25-in. wall thickness, 
has a 95-in, inside diameter, and is 32 ft 0 in. 
long between the top and bottom heads, which 
are flat. Twelve control-rod extensions pene- 
trate the top head and are fitted with replace- 
able seals. Monitor tube assemblies for each 
fuel-element position are located in the top 
head. The bottom head is similar to the top, 
with penetrations for all the loops and experi- 
mental positions shown in Fig. XV-1, plus two 
fission-chamber tubes, rabbit-facility tubes, 
and vessel drain piping. Two 24-in. pipes, one 
located above the other, penetrate the vessel 
wall near the top of the pressure vessel. Cool- 
ant enters the vessel through the lower 24-in. 
pipe, is directed down through outer annuli 
formed by two thermal shields, is then turned 
and directed through the core (whichis enclosed 
in an inner tank), and finally flows out of the 
top of the inner tank and leaves the vessel 
through the upper 24-in, pipe. 

Total reactor power output is measured by 
electronically multiplying the total coolant flow 
by the average temperature rise across the 
core. Flow is computed by measuring the dif- 
ferential pressure across an orifice plate. 
Neutron-sensitive ionization chambers are also 
used for reactor power-level indication. Power 
regulation is effected with the 12 control rods, 
using 11 for the coarse control and one for 
automatic control. A servo system, which uses 
a signal from the neutron-sensitive ionization 
chambers, is used to control the power level 
over two decades by movement of the rod 
chosen for power control. 

The 24-in. primary coolant loop, shown in 
Fig. XV-2, is designed to remove 45 Mwof heat 
at a flow rate of 25,000 gal/min and at 157 psig 
pressure, with a reactor inlet temperature of 
500°F and an outlet temperature of 526°F. A 
500-gal-capacity surge tank is connected to the 
24-in. coolant piping at the pump discharge. 
In designing the primary coolant system, it 
was elected to take advantage of the economic 
incentives of a one-loop, one-pump system over 
the operating latitude offered by a multiloop, 
multipump system. A four-bank finned-tube heat 
exchanger, mounted on structural-steel sup- 
ports outside the reactor building, is connected 





in parallel to the 24-in. reactor-coolant outlet 
line. During normal operation the coolant flows 
through the heat exchanger, which is cooled by 
forced-draft fans blowing air across the finned 
tubes. The primary coolant pump is a hori- 
zontal centrifugal unit. A 24-in, stainless-steel 
motor-operated block valve is located in each 
leg of the main coolant loop between the reactor 
vessel and the heatexchanger. A butterfly valve 
that is located on the discharge side of the 
pumps is used to control the flow of organic 
coolant, Systems for maintenance of coolant 
gas, uniform system pressure, high boilers, 
and water content of the coolant are part of the 
reactor system as shown in Fig. XV-2. 

The following quotation from reference 3 
compares the EOCR with the Organic- Moderated 
Reactor Experiment (OMRE): 

The EOCR, with highly enriched stainless steel 
clad fuel elements, narrower coolant channels, 
higher radiation and heat fluxes, power densities, 
and surface temperatures, would be expected on the 
basis of present OMRE experience to be more sus- 
ceptible to surface fouling, channel plugging, and 
possible fuel clad failure due toimpaired heat trans- 
fer at normal conditions. On the basis of present 
knowledge, these serious consequences of particu- 
late formation due to coolant component oxidation 
can be eliminated or greatly reduced in probability 
by: 

a. The rigorous elimination of oxygen and water 
from the coolant system. 

b. Semi-continuous operation of the coolant de- 
gassing and distillation system. 

c. Thorough, continuous ultra-filtration of the 
primary coolant. 


Site construction of the EOCR began at the 
National Reactor Testing Station in April 1960; 
the reactor is scheduled to be completed by the 
end of 1961. 
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